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Abstract 
In this thesis the results of an experimental investigation into the occurrence of water in 
quartz will be presented. The observations will be analysed and compared with known 
effects of heat-treattnent on the strength and inferences will be made on the role of water 
in the plasticity of quartz. 
The uptake of water-related species in 'dry' quartz at 1.5 GPa and 1173 Kand high water 
fugacity, over times up to 24 hrs, has been investigated using a newly developed 
assembly to prevent microcracking. It was found that the uptake of water-related species, 
which were previously thought to be responsible for the strength reduction of quartz, is 
small, and below the sensitivity of ordinary infrared spectroscopy and serial sectioning 
technique. This brings into question the interpretation of the early experiments on water 
weakening by Griggs and Blacic (1964). 
The evolution of water-containing inclusions m 'wet' synthetic quartz has been 
investigated as a function of the temperature (873 and 1173 K) and pressure (0.1, 300 
MPa and 1.5 GPa) for times up to 8 hrs. The size and density distribution of the 
inclusions has been measured using transmission electron microscopy and a bulk 
measurement of the level of light scattering from the inclusions has been obtained. 
Observations on the heat-treated and as-grown material suggest that water in 'wet' quartz 
is mainly in the form of H20 in inclusions, consistent with the solubility being low, 
probably in the order of a few tens of HJlQ6Si. 
Upon heat-treannent high pressure water inclusions (clusters) which are abundant in the 
as-grown crystal disappear and stress-free, larger sized inclusions are formed. The 
density of the inclusion population decreases with time, the rate of decrease being faster at 
high temperature and low external pressure. The microstructures of the heat-treated 
samples show that dislocation nucleation and climb is the main mechanism for the 
reduction of the internal pressure in the inclusions. However, with increasing external 
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pressure this mechanism is inhibited and the observations suggest that other ripening 
mechanisms become more pronounced. Numerical calculations predict that the stress 
around an inclusion at 873 K and 1.5 GPa is not favourable for the nucleation of a 
dislocation, which is in agreement with the observations. The observations on the high 
pressure heat-treated specimens are consistent with a contribution to the overall ripening 
of the inclusion microstructure through migration and collection of single point defects 
and theoretical considerations indicate that inclusion migration and coalescence is also 
expected to contribute substantially. 
It has been observed that when synthetic quartz which has been annealed at 0.1 MPa and 
1173 K is heat-treated under pressure the level of light scattering is reduced and new 
dislocation loops of vacancy type are formed. The effect is strongest at high pressure (1.5 
GPa) and moderate temperature (873 K). 
Attempts have been made to introduce high pressure helium inclusions in a dry quartz by 
irradiation with alpha-particles in order to test the hypothesis that even when no water is 
present quartz may be deformed plastically provided dislocations can be nucleated. 
Although valuable experience has been gained, the experiments have not produced any 
material containing helium inclusions and as such do not have any implications for the 
process of water weakening. . 
The observations on the lack of uptake of water and the evolution of the inclusion 
population in relation to the dislocation microstructure have been compared with 
explanations on the role of water in the plasticity of quartz based on the original Griggs 
hypothesis as presented in the literature. In this comparison extensive use is made from 
the results of strength tests as a function of heat-treatment performed by Kekulawala 
(1978). Based on the assumption that the observations presented here are also relevant for 
other synthetic materials it is concluded that, in contrast to Griggs' postulate that water 
promotes dislocation mobility, the main role of water lies in the provision of easy 
dislocation sources. 
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1.1 INTRODUCTION 
In this section the motivation for an experimental investigation of the plasticity of quartz in 
general and its relevance to Eanh Sciences will be discussed. The experiments, designed to 
investigate some of the key problems, will be put in perspective of the historical back-
ground, covering the literature of immediate relevance. A more complete review of the 
literature concerned with the experimental deformation of single crystal quartz may be 
found in Blacic and Christie (1984), Linker et al. (1984) and Paterson (1988). A brief 
outline of the snucture of the thesis will be given. 
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1.2 SCOPE AND SETTING OF THE THESIS 
Quartz, by virtue of its abundance as a rock-forming mineral in the Eanh's crust, has been 
the subject of many investigations in Geo-Sciences. Its rheology, and especially the 
plasticity of quartz in association with water, has been studied extensively over the past 25 
years. 
Naturally deformed rocks show abundant evidence for plastic deformation of quartz. 
However, attempts to reproduce the natural microstructures in the laboratory appears to be 
extremely difficult. In particular, single crystals of clear rock quartz when subjected to a 
differential stress under high confining pressures can support up to 30 GPa before failing 
in a brittle fashion (Griggs and Bell, 1938; Griggs et al., 1960; Carter et al., 1964; Christie 
et al., 1964; Griggs and Blacic, 1964; Blacic and Christie, 1984). On the other hand, there 
is strong evidence that the presence of water reduces the plastic flow stress of quartz 
dramatically. This was first discovered by Griggs and Blacic in the mid sixties (Griggs and 
Blacic, 1964, 1965). It thus follows that knowledge of the influence of water on the 
rheological properties of quartz, in particular the intracrystalline processes, is of major 
importance in the understanding of crustal deformation. Furthermore, a reliable 
extrapolation of the experimental constraints to the heterogeneous and complex deformation 
of the lithosphere can only be made on the basis of a thorough understanding of the 
fundamental processes controlling the rheology of a polyphase aggregate. 
In this thesis the uptake of water and the evolution of water-containing inclusions in quartz 
are investigated and the implications for the phenomenon of water weakening in general 
will be discussed. 
,....... 
-
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1.3 HISTORICAL PERSPECTIVE 
The hypothesis of "hydrolytic weakening" as developed by Griggs and Blacic (1965) and 
Griggs (1967, 1974) suggests that easy slip occurs when Si-0-Si bonds adjacent to a 
dislocation are hydrolised by migrating water. The dislocation movement, hence, only 
requires the exchange of hydrogen bonds. In this model, the dislocation multiplication is 
rate limiting and controlled by the random diffusion of hydroxyl groups released by 
silanol, and the dislocation glide velocity is thought to be proportional to the HOH 
concentration in the crystal. It should be emphasized that the original hydrolytic weakening 
model comprises three, a priori, assumptions: firstly, that dislocations in glide move at a 
faster rate in 'wet' than in 'dry' quartz, secondly, that water can diffuse through the crystal 
and thirdly, that water is soluble in quartz as point defects. 
The discovery of Griggs and Blacic (1964) was soon followed by a large number of 
experimental investigations of the water weakening effect over a wide range of conditions. 
Although, the additional information was not always fully consistent with the original 
model of Griggs, many experimentalists interpreted their observations in terms of these 
basic assumptions. For instance the effect of heating at atmospheric pressure causing a 
high rate of work-hardening (Kirby and McCormick, 1979; Linker and Kirby, 1981) and 
an increasing strength with temperatures above 1200 K (Doukhan and Trepied, 1985) has 
generally been interpreted as the result of a decrease in solubility of weakening species 
under these conditions. The observation by Paterson and Kekulawala ( 1979) that, in 
contrast to the original weakening experiments of Griggs and Blacic at 1.5 GPa, no 
.. 
weakening occurs of 'dry' quartz samples in a dehydrating talc environment when 
deformed at 300 MPa in a gas medium apparatus, taken together with the observation of 
Madewell and Paterson (1985) of a substantial water uptake at 1.5 GPa, was attributed by 
the investigators to a pressure dependence of the diffusivity of water. 
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On the other hand Kronenberg et al. (1983, 1986) and Kirby and Kronenberg (1984) 
report that the uptake of water under the conditions of 1.5 G Pa and 1173 K is small. This 
conclusion is based on their observation that in the absence of microcracking, no broad-
band infrared absorption, characteristic for weak quartz, could be detected in 
hydrothermally annealed quartz. Furthermore, Aines and Rossman (1984) demonstrated, 
from spectroscopical observations in the near-infrared, that the broad-band absorption is 
mainly due to aggregated water, indicating that the solubility of water is in fact low. Clearly 
an understanding of the discrepancies between the original assumptions of the Griggs 
model and the observations of Kronenberg et al. (1986) and Aines and Rossman (1 984) 
could provide some more information on the actual mechanism of water weakening. It was 
therefore decided to investigate further the effect of hydrothermal-treatment on 'dry' quartz 
in the absence of microcracking. For this purpose a capsule was designed in which the 
sample is fully immersed in water, so no non-hydrostatic stresses can be transmitted from 
the pressure medium outside the capsule to the sample. 
The results of these experiments confirm the observations of Kronenberg et al. (1986) that 
diffusional uptake is small and below the limit of detectability of conventional infrared 
absorption spectroscopy. Kronenberg et al. (1986) still prefer to seek an explanation of the 
weakening effect of quartz in terms of the Griggs model of hydrolytic weakening, possibly 
assisted by stable micro-fracturing. They regard the non-diffusive uptake as a rather minor 
complication only "providing rapid diffusion paths to the crystal interiors". It is questioned 
here however, whether the uptake of water into the quartz structure is at all required for the 
strength reduction. 
Ord and Hobbs (1986b) have deformed single crystals of 'dry' natural quartz in a solid 
medium apparatus at 1.64 GPa under a range of oxygen and hence water and also 
hydrogen fugacities. Following the theory of the influence of point defect chemistry on the 
mobility of dislocations as presented by Hirsch (1981) and Hobbs (1981), Ord and Hobbs 
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(1986b) suggest that their observations are consistent with a dependence of the flow 
strength (arbitrarily taken at 5 % strain) on the concentration of charged defects on 
dislocations. An alternative interpretation, based on a detailed analysis of the samples 
deformed by Ord and Hobbs, has been given by Fitz Gerald et al. ( 1988). They suggest 
that the observed variation of strength might well reflect the influence of the chemical 
environment on processes like crack propagation, crack healing and re-growth prior to the 
onset of plasticity. 
On the basis of strength investigations of a range of water-containing quanz materials 
subjected to various heat-treatments, Kekulawala et al. (1981) found that their observations 
are consistent with there being a correlation between water weakening and the broadband 
absorption infrared absorption but also add that some of the water represented by the 
broadband absorption is in a form that is not freezable but neither is actively involved in the 
weakening. Aines et al. (1984) conclude that the major species responsible for causing 
anomalous weakness in quanz appears to be molecular water. Aines and Rossman (1984) 
demonstrated that this water is in an aggregated form and postulated that these clusters of 
water are too small to form ice when cooled. These aggregates had already been observed 
by McLaren et al. (1983) in transmission electron microscopy (TEM), who reported that, 
upon heating at atmospheric pressure, dislocation climb loops are being generated from 
high pressure fluid inclusions (hereafter to be refered to as clusters). From the literature it 
appears that in all reported cases of a strength reduction associated with the presence of 
water, at least pan of this water occurs in the form H20 in inclusions. It thus follows that 
this aggregated water might play a key role in the weakening process and that the relatively 
small amount of water in solid solution has no effect. Hence the motivation for the present 
study of the evolution of water inclusions in synthetic quanz as a function of the 
temperature and the externally applied pressure. 
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Until now, most of the investigations on the process of water weakening have focussed on 
the question as to how water does effect the mobility of dislocations. Based on the 
observation that water is mainly segregated in inclusions, it appears to be more appropriate 
to question whether water as such really does have an effect on the dislocation mobility. 
Although most of the above mentioned experimental evidence has only just recently 
become available, Baeta and Ashbee (1970a), in a paper published shortly after the 
discovery of the effect of water on the strength of quartz, have already suggested that glide 
of dislocations may be equally difficult in all samples of 'dry' or 'wet' quartz and that 
water present in "occlusions" could be the sources of the dislocations. The question can 
thus be asked whether the process of dislocation nucleation might not be the single and 
only reason for water weakening. Hence the motivation for the third type of experiments in 
which an attempt is made to reproduce the inclusion-dislocation microstructure in a 'dry' 
quanz by implantation of the crystal with helium gas as a substitute for water, the idea 
being that, analogous to effects observed in irradiated metals, the helium atoms form high 
pressure inclusions which upon heating produce dislocations. In the absence of water no 
hydrolytic effect upon the glide mobility is expected. This type of experiment would then 
provide a thorough test for the hypothesis that even when no water is involved quartz can 
be deformed plastically provided dislocations can be nucleated. 
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1.4 STRUCTURE OF THE THESIS 
The material presented in the thesis is structured according to the above outlined 
experimental investigations of the key-areas of the water weakening phenomenon. The 
hydrothermal experiments at high pressure, aimed at a further investigation of the findings 
of Kronenberg et al. (1983) that no water uptake occurs in the absence of microcracking, 
are presented in Section II. The investigation of the evolution of the fluid inclusions in 
'wet' synthetic quartz as a function of the temperature and pressure is presented in 
Section III. The alpha-implantation experiments and the results of some deformation tests 
on the irradiated material are described in Section IV. Each of the experimental sections 
consists of a description of the experimental approach, the theoretical background required 
for the analysis of the results, a presentation of the data obtained and a discussion of the 
immediate implications for the water weakening effect. In the final section of this thesis the 
observations of Section II and III are combined and an alternative model for the effect of 
water on the strength of quartz is presented. The irradiation experiments have not produced 
any material suitable for investigation of the effect of the helium inclusions on the strength 
and the information presented in this section has therefore no bearing on the development 
of the arguments in the final discussion. 
II. HYDROTHERMAL-
TREi\ TMENT OF 'DRY' 
QUARTZ 
pagex 
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11.1 INTRODUCTION 
Samples of 'dry' synthetic and natural quartz have been hydrothermally annealed in sealed 
capsules at 1.5 GPa confining pressure and a temperature of 1173 K, for durations of 
either 4 or 24 hours using a talc-medium, piston-cylinder apparatus of the Boyd-England 
type. In order to prevent microcrack:ing, a fluid-filled capsule was designed with relatively 
large dimensions so as to avoid the transmission of non-hydrostatic stresses from the 
solid-medium to the sample via the capsule walls, the crystal being entirely surrounded by 
water. In most of the runs the water, oxygen and hydrogen fugacities are controlled by a 
copper-copper oxide buffer. The hydrothermally treated specimens are analysed for the 
amount of water-related species taken up during the run, using ordinary infrared 
spectroscopy and sectioning technique. 
In the first part of this section, the quartz materials used for the hydrothermal 
experiments, experimental technique and background of infrared spectroscopy are 
described. The results of the infrared observations are analysed in the second part. In the 
final part, the observations are discussed and some immediate implication for the process 
of water weakening of quartz are presented. 
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II.2 EXPERIMENTAL TECHNIQUES 
Il.2.1 SAMPLE MATERIAL AND HANDLING 
II. 2 .1.1 Material 
For most of the hydrothermal experiments. a 'dry' synthetic crystal (designated SRI) was 
used, supplied by Sawyer Research Products Inc .. The crystal is of "special premium 
grade" with a high mechanical quality factor Q of 3.106, corresponding to a hydroxyl 
content of only 3 H/I06Si, according to the relation of Sawyer (1972). Infrared 
spectroscopy shows that this crystal is drier than the 'dry' standard A6-13 used by 
Kekulawala et al. (1981), the difference in hydroxyl content being approximately 
10 H/I06Si. Samples were taken from the Z-growth region. For comparison, heat-
treatment experiments in a hydrous environment were also done on the 'dry' natural 
quartz crystal N2 used by Kekulawala et al. (1981) and Maclcwell and Paterson (1985). 
The hydroxyl content of N2, determined by infrared spectroscopy, is approximately 20 
H/I06Si, with respect to synthetic quartz crystal A6-13. The dislocation density of this 
type of material is normally about IQ7-IQ8 m-2 (McLaren et al., 1967; McLaren and 
Retchford, 1969). Transmission electron microscopy did not reveal any submicroscopic 
inclusions in the crystal N2 (Kekulawala, 1978). Additional data on impurity content of 
SRI eg. Al, Na, Fe, obtained from chemical analysis are listed in Appendix A.3 
II. 2 .1. 2 Sample preparation 
Cylindrical specimen were cored with a diamond drill of 5.0 mm inner diameter. The end 
faces were ground flat and polished with alumina powder down to 0.3 µm. Some of the 
samples were etched following a procedure described by Wegner and Christie (1985). It 
was found that this etching method was not suitable for removing a homogeneous surface 
--
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layer of constant thickness. Other samples were etched in pure HF for 5 minutes after 
having been polished (down to 0.3 µm) and cleaned in tri-chloro-ethylene. 
A disadvantage of cored specimen is that substantial subsurface micro cracking might 
occur (Kronenberg et al., 1986) which can not be removed easily and could lead to 
funher cracking of the specimen. Also, the specimen can be examined for water uptake in 
the axial direction of the cylinder only. Therefore, for most of the experiments 
approximately cubic specimens were used. The specimens of roughly 4 mm edge were 
cut with a high speed diamond saw, and all faces were polished with alumina grit down to 
0.3 µm. The orientation of the faces of the specimen (perpendicular to c and a ax.is and 
parallel tom) was checked with X-ray Laue back reflection. 
11.2.1.3 Sample recovery 
After the hydrothermal annealing experiment the capsule contents were first examined for 
the presence of water and buff er components. Then the sample was recovered, and loose 
material was scraped off; further cleaning was done ultrasonically using acetone in order 
to minimize a surface precipitate of water-containing silica gel (Grutzeck, 1985). Samples 
were dried routinely at 450 K before infrared spectroscopy. 
11.2.2 EXPERIMENTAL CONFIGURATION 
11.2.2.1 Assembly and apparatus description 
In order to prevent micro cracking from occurring a capsule has been designed in which 
the sample is totally immersed in water, avoiding significant mechanical contact and 
protecting the sample from any non-hydrostatic stresses present in the solid medium 
surrounding the capsule. Solid oxygen buffers can be added to the capsule in the form of 
powders, controlling the water, oxygen and hydrogen fugacities. The capsule was made 
of copper, making possible the use of a wide range of oxygen fugacities. The geometry of 
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Figure 11.1 Schematic diagram of the all-welded copper capsule for high-pressure 
hydrothermal-treatment, showing the relatively large internal dimensions of 
the capsule with respect to the sample, which ensures no mechanical 
contact between sample and canister wall, and provides space for the 
water, silica and solid oxygen buffer. The position of the welds is 
indicated by the circles with the nwnbers refering to the welding sequence. 
The length of the tip of approximately 5 mm and the smallest internal 
diameter of the hole o/05 mm are essential for a successful sealing of the 
can by thefinal weld (nwnber 3). 
the capsule allows relatively large changes in the volume of the fluid to occur. The 
external dimensions of the capsule are constrained by the bore of the pressure vessel used 
( 16 mm, 5/8 ") whereas the signal to noise ratio of the infrared method limits the size of 
the sample and thereby the internal dimension to a minimum of approximately 5 mm. 
--
-
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The presently used capsule as shown in Figure II.1 is in the essential features as 
mentioned above not much different from the proto-type. However much time and effon 
were required to develop a suitable welding and sealing technique. The use of copper has, 
besides its advantages of ductility, relatively low permeability and low cost; a major 
disadvantage is its high thermal conductivity. The latter leads to serious sealing problems 
as escaping water vapour results in a porous weld. This problem has been overcome by 
introducing a temporary mechanical seal of small dimensions which prevents the water 
from entering the region of the final weld. 
The complete solid medium assembly is shown in Figure II.2, featuring a graphite 
furnace, talc solid medium and a Pt/Pt(10%)Rh thermocouple which is separated from the 
copper capsule by a thin high density alumina disk in order to avoid contamination of the 
thermocouple. The two graphite disks at either end of the assembly protrude slightly (0.2 
mm) from the outer talc sleeve. Together with the relatively large surface area of the disks 
this arrangement ensures good electric contact and hence control over the temperature 
from the onset of the pressurization. 
11.2.2.2 Assembling procedure 
Sealing is achieved by welding, using a Tungsten Inert Gas (T.I.G) arc welding 
technique with thoriated tungsten electrode and ultra pure helium. As the power required 
for the welding is approximately 1600 W (40 VDC and 40 A), an ordinary laboratory 
carbon arc welding apparatus does not supply enough power to melt the relatively large 
amount of copper involved in the canister. The numbers shown in Figure II.1 refer to the 
welding sequence of the canister. During stage 2 of the welding, the capsule plus sample 
and additives, which will be described in Section II.2.3, are placed in a copper heat sink 
which is surrounded by water in order to prevent thermal cracking of the crystal. Next, 
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the capsule is back-filled with demineralised water after evacuating to about 1 Pa. The 
final sealing (number 3 in Figure II.1) is done by crimping the hollow projection over its 
thermocouple 
I l't=Y,~~~,11 
~t~:t: 
! 
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lil! 
1111 graphite 
f:SSl copper 
c:J alumina 
l&I) talc 
Figure ll.2 Schematic drawing of the piston-cylinder assembly showing the talc solid-
mediwn with graphite furnace and end-disks. A thin alwnina disk prevents 
contamination of the Pt/Pt10%Rh thermocouple with copper of the 
capsule. 
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full length with the aid of a drill chuck in order to effect a temporary seal, and then fusing 
its tip with a short but intense burst of heat. Experience has demonstrated that it is crucial 
to weld the tip with a short but intense burst of heat to prevent the water in the capsule 
from expanding and breaking the temporary seal. Failure of this weld is clearly indicated 
by a blackish deposit probably of cupric oxide. A successful weld is characterized by a 
smooth spherical end of the tip. 
11.2.3 CONTROL OF EXPERIMENTAL CONDITIONS 
11.2.3.1 P and T Calibration 
The temperature distribution over the capsule and temperature difference between the 
sample position and the measuring point-was determined with a 3 junction thermocouple 
in a dummy assembly (see Figure II.3). As a result of the strong stress inhomogeneities 
in the assembly and the rather fragile thermocouple it has only been possible to achieve a 
temperature calibration over a temperature interval ranging from 673 K to 1173 K at a 
pressure of 650 MPa and not at the actual pressure of the hydrothermal experiments of 
1.5 GPa. However, the measured temperature gradient could be extrapolated to 1.5 GPa 
using a pressure derivative calculated from more successful calibrations at various 
pressures of a 16 mm (5/8 ") salt medium assembly with molybdenum furnace by Major 
and Willis (1985, personal communication). The pressure effect on the EMF of the 
Pt/Pt(10%)Rh thermocouple (Getting and Kennedy, 1970) has been corrected for by 
increasing the temperature setting by approximately 5 degrees, assuming a sealing 
temperature of 293 K. The temperature gradient over the assembly is 13 ± 1 degrees at 
650 MPa; extrapolation to 1.5 GPa reduces this to less than 7 ± 2 degrees at a 
temperature of 1173 K. The difference in temperature between the sample position and the 
measuring point of the thermocouple at 650 MPa is 85 degrees, extrapolation to 1.5 GPa 
gives a temperature difference of 73 degrees at a nominal temperature of 1173 K. 
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Figure 11.3 Schematic drawing of the temperature calibration assembly for the talc 
solid medium high pressure assembly using a dummy copper canister filled 
with talc. The solid dots represent the three thermocouple junctions 
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The pressure in the talc-medium assembly was calibrated following Green et al. (1966). 
Their calibration is based on the quanz-coesite phase transition. The internal friction is 
considerable and reduces the internal pressure by approximately 10% in the case of a 16 
mm (5/g ") talc assembly. This estimate has been found to be in good agreement with a 
calibration performed by O'Neill and Hibberson (personel communication, 1985), using 
differential thermal analysis of the melting points of LiCl and AgCl. Depending on the 
temperature, pressure and history of the cell the correction factor for the internal friction is 
between 8 and 13%. The pressure is therefore considered to be accurate within 2%, i.e. 
the . confining pressure is 1500 ± 30 MPa. 
II.2.3.2 P and T Cycle 
The choice of the run conditions of 1173 K and 1.5 G Pa is made to facilitate comparison 
with previous experimental work. The alpha-beta transition of quanz at this pressure is at 
1213 K (Mirwald and Massonne, 1980). The run conditions are thus within the alpha 
field. The specific volume of pure water at 1173 K and 1.5 GPa is close to 1 m3/Mg. In 
order to avoid excessive increase in volume and subsequent failure of the capsule it was 
found that the specific volume of the water during P-T cycle needs to be maintained 
smaller than 1.1 m3fMg (cf. Kronenberg et al., 1986). 
At low temperatures the strength of the talc medium is considerable and the stress state is 
far from hydrostatic but, more likely, close to compressive uniaxial. To avoid axial 
shortening of the capsule and sample, a temperature-pressure path is followed at which 
the specific volume of water is slightly larger than 1 m3fMg creating a small overpressure 
in the capsule. Pressure and temperature were raised and lowered simultaneously in 
approximately 20 minutes. It was found, however, that quenching the sample in only a 
few minutes did not lead to cracking of the specimens. 
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II.2.3.3 Chemical environment 
Some of the hydrothermal experiments were done without the use of an oxygen buffer. It 
can be argued however that the level of the water fugacity was high, comparable to that in 
the buffered experiments throughout the entire duration of the experiment. In the 
following discussion the reduction of the water fugacity by the dissolved quartz in the 
water is neglected. The magnitude of this effect has been estimated by Paterson ( 1986); at 
1.5 GPa and 1173 K the water fugacity will by reduced by only 5%, corresponding to the 
mole fraction of SiOi in the fluid. 
Early in the experiment the capsule can be considered as an isolated system containing 
water, oxygen, hydrogen and quartz. When no other components are added to the system 
the oxygen fugacity for pure water is in between the value of the oxidation reactions of Cu 
and Cu20 according to: 
2Cu + 1/20i = Cu20 
Cu20 + l/20i = 2Cu0 
For Cu-Cu20 the oxygen fugacity at a temperature 1173 K and pressure of 1.5 GPa is 
10-2 Pa (Huebner, 1978). For Cu20-Cu0 the oxygen fugacity under these conditions is 
7.5 kPa (calculated from data from Robie and Waldbaum, 1968). Since neither of the 
copper oxides was added to the capsule, the water will tend to oxidize the inside of the 
copper capsule and the oxygen fugacity will drop to the level of Cu-Cu20 i.e. 10-2 Pa. 
The water fugacity however will remain at approximately the same value of 4.5 GPa 
(fH2o = fugacity coefficient x Pt1uid; taking the fugacity coefficient from Paterson, 1986). 
The copper canister, however, does not provide a closed system. Over the time of the 
experiment gases will diffuse through the wall of the capsule depending on whether there 
is a fugacity difference across the 0.275 mm thick capsule wall. The diffusion coefficient 
of hydrogen in copper at 1173 K and atmospheric pressure is 2.1 x 1 o-8 m2/s (Volkl and 
Alefeld, 1978). The diffusion coefficient for oxygen under these conditions is 1.8 x 10-9 
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m2/s (Bergner, 1983). The flux of gas through the capsule wall of thickness t with a 
surface area A (approximately 200 mm2) and a concentration of gas in the metal at the 
inside and outside surfaces of the capsule of Xi and xo respe_ctively is given by 
J gas = A x D(T,P) x (xi - xo)/t moVsec. The amount transported for a 4 hour experiment is 
lgas x 1.44 x 104 mol. 
The chemical environment of a talc/graphite assembly has been discussed in detail by Ord 
and Hobbs (1986a). In such an assembly it appears from their calibration as well as from 
other work (Allen et al., 1972; Boettcher et al., 1973) that the oxygen fugacity is 
constrained near the level of the oxidation reaction of Ni to NiO. Following Ord and 
Hobbs, the composition of the gas, in equilibrium with graphite at a confining pressure of 
1.5 GPa, can be estimated by extrapolation from data given by French (1966) for 
pressure values of 0.1 MPa, 100 MPa and 1.0 GPa. It follows that under these 
conditions, C{h is the dominant gas phase and that the hydrogen fugacity is low, lower 
than the accuracy of the numerical estimation of French (1966) but probably of the order 
of 10+4 Pa (Ord and Hobbs, 1986a). The hydrogen fugacity of the water system inside 
the capsule is also of the order of magnitude of 1Q+4 Pa. Therefore the concentration 
gradient of hydrogen in copper is low and the driving force for diffusion is small, 
resulting in a negligible change in hydrogen content in the capsule. The oxygen fugacity 
of pure water inside the capsule is approximately 1 o-2 Pa. Outside the capsule, the oxygen 
fugacity is lower, at a level of the reaction of Ni + 02; i.e. 10-6 Pa for 1173 K and 
confining pressure of 1.5 GPa (Huebner, 1978). Oxygen will thus tend to diffuse out of 
the capsule. An estimate for the solubility of oxygen in copper at an oxygen fugacity of 
10-2 Pa and 1173 K is 10 to 30 mol (hlm3 Cu (Smithells, 1976; Fukai and Sugimoto, 
1983; Narulla et al., 1983). This results in an estimate of the maximum total loss of 0.6 x 
1 Q-4 mol Oz. The continuous subtraction of oxygen from the system inside the capsule 
will lead to reduction of the Cu20 previously formed by the high oxygen fugacity from 
water in the beginning of the experiment When all the Cu20 has been reduced, the 
• 
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oxygen fugac_ity will stan to drop. Depending on the kinetics of the processes involved 
and the total amount of water available, the oxygen fugacity can only drop to a value equal 
to the external oxygen fugacity. This thus gives a lower limit to the oxygen and hence to 
the water fugacity. Neglecting the small amount of dissociation of the water as a result of 
the oxygen depletion the water fugacity will thus still be around 4.5 GPa. The hydrogen 
fugacity will rise as a result of the oxygen transpon out of the system. This however will 
introduce a concentration gradient of hydrogen in the copper wall and hence diffusion of 
this gas out of the system. 
Summarizing, it is expected that during the unbuffered experiments the water fugacity will 
remain at a high value of the order of 4.5 GPa, and during a 4 hour experiment, the 
oxygen fugacity will drop from 140 Pa to 10-2 Pa and that the hydrogen fugacity will 
probably remain constant at a level imposed by the hydrogen fugacity outside the capsule 
i.e. approximately 10+4 Pa. These fugacity estimates are in agreement with the 
observation of a clean inner surface of the capsule i.e. no oxidation, implying an oxygen 
fugacity lower than Cu-Cu20, plus the observation that no substantial loss of gas has 
occurred during the run and that after the run water is still the main phase. 
The chemical environment of the buffered ru~ is not dependent on the diffusional 
exchange of oxygen and/or hydrogen, provided a sufficient amount of components is 
present. Together with the water a mixture of 2 parts of copper and 1 part of cuprous 
oxide is put in the capsule. The two materials Cu and CuO together are chemically not 
stable and will react and form Cu20 according to the reaction Cu+ CuO = Cu20. After 
the reaction there is thus 1 part of Cu left and 1 part of Cu20 produced. Cu and Cu20 will 
fix the oxygen fugacity at 1Q-4 Pa and the water fugacity at 4.5 GPa. The amount of 
buffer needed can be calculated from the maximum possible loss of oxygen during the 
run. The minimum amount of CuO needed is half the total flux of oxygen i.e. 3 x 1Q-4 
mol CuO or approximately 60 mg of a Cu-CuO mixture. The experience is that this 
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amount has always been more than sufficient, indicating that the total flux of oxygen is 
not as high as calculated. 
11.2.4 INFRARED SPECTROSCOPY 
11.2.4.1 Determination of hydroxyl content 
Infrared absorption spectra were measured using a Pye Unicam SP3-200 ratio recording 
spectrophotometer with data acquisition (SP3-050 Data processing system). The spectra 
were recorded using unpolarized radiation and are expressed as absorption coefficient, K, 
versus wave number n. As a result of the inhomogeneous energy distribution over the 
width of the infrared beam and the position of the sample close to the crossover point of 
the beam, careful positioning of the apenures in sample and reference beams in identical 
parts of the beam is required. Especially in the case of narrow (less than 1 mm) vertical 
apertures, poor alignment will lead to a water vapour spectrum between 380 and 400 mm-
1, resulting from the difference in path length in air between the two beams. The signal to 
noise ratio limits the minimum size of the apertures to approximately 5 mm2, depending 
on the shape of the apertures. 
The relative water content associated with the broad-band or gel type absorption is 
estimated from the difference of the hydroxyl infrared spectra in the 3 µm region using a 
frequency dependent integral molar absorption coefficient as given by Paterson (1982). 
An interactive computer program has been used to correct for the variation in background 
and light scattering from sample to sample. The criterion for a good correction is the fit of 
the two absorption curves between 380 mm-1 and 400 mm-1 as well as between 250 and 
260 mm-1, outside the expected region of broad-band absorption. The accuracy of this 
method of correction for the difference in scattering is limited to an absorbance of the 
order of 0.01. In the case of strong water vapour absorption lines in the 380-400 mm- 1, 
the accuracy is strongly reduced to approximately 0.05. 
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II.2.4.2 Sectioning technique 
The penetration of water-related species into the crystal was determined by infrared 
spectroscopy and serial sectioning. The hydroxyl content of a given slice of the specimen 
was estimated from the difference in infrared spectra before and after grinding off that 
particular slice, using the above described calculation. 
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11.3 OBSERVATIONS 
The newly developed assembly has been successfully employed in producing completely 
uncracked hydrothermally treated specimens. A photograph, taken of the undamaged 
interior of the sample is shown in Figure II.4. After each run a substantial amount of free 
water was visible in the capsule and in the case of the buffered experiments, both 
components of the buffer, metallic copper and red cuprous oxide, were present (see 
Figure II.5). X-ray powder diffraction showed only lines corresponding to the buffer 
components and quartz; no CuO was detected. The copper inner wall of the capsule and 
the surface of newly grown copper crystals were both shiny, indicating that the metal was 
actively involved in the buffering and not shielded by an oxide layer. 
Due to substantial dissolution of the sample surface only 5 out of the 18 experiments 
resulted in specimens suitable for detailed and accurate infrared profiling. For a summary 
of the hydrothermal-treatment experiments see Table II.2. The 24-hour heat-treatment 
experiments resulted in partially dissolved specimens. Three specimens of the buffered 
runs were preserved by being fully overgrown by quartz decorated with metallic copper 
and red Cu20. The buffer material incorporated by the newly grown material provides a 
marker which makes it possible to reconstruct the original sample boundary as shown in 
Figure II.6. As no buffer material was added to the other two of the five well preserved, 
specimens, no such marker was provided. 
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SAMPLE RUN p T t 1 2 3 4 5 6 
SR1#2.2 - 1.5 1173 8 C - + - - + 
SR1#2.6 - 0.4 523 - C - + - - + 
SR1#2.9 9947 1.5 1173 6 C - + - - + 
SR1#2.8 9948 1.5 1173 6 C - - + + -
SR1#3.4 9949 1.5 1173 1 C . + + + + 
SR1#3.7 9950 1.5 1173 4 C - + - - + 
SR1#3.6 9951 1.5 1173 4 C . + + + + 
SR1#4. l 7875 1.5 1173 4 r - + - + + 
SR1#4.2 9954 1.5 1173 4 r + . + + + 
SR1#4.4 9955 2.0 1273 4 r + - 0 - -
SR1#4.3 9956 2.0 1273 4 r + + - - + 
SR1#5.l 9957 1.5 1173 4 r + + - + + 
SR1#5.2 9958 1.5 1173 4 r + + - + + 
SR1#5.3 9960 1.5 1173 4 r + + + + + 
N2#1 9961 1.5 1173 4 r + + + + + 
N2#2 9976 1.5 1173 4 r + + - + + 
SR1#5.4 9978 1.5 1173 24 r + + - + + 
SR1#5.6 7901 1.5 1173 24 r + + - + + 
Table II.I List of hydrothermal experiments 1) c: cylindrical specimen, r: rectangular. 
2) + indicates buffer added, - no buff er added. 3) + indicates water 
retained, - water lost during run. 4) + indicates no dissolution, 0 indicates 
only minor dissolution, -indicates substantial dissolution of the specimen. 
5) + indicates no cracks in sample, - indicates cracked sample. 6) + 
indicates complete overgrowth, - indicates absence or partial overgrowth. 
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Figure II.4 View through a specimen which has been hydrotherma.lly treated at 1.5 GPa 
and 1173 K, showing undamaged crystal interior. Newly grown material 
has been removed partially from front and back surface and the surface 
repolished. Spacing betwe_en the bars in the background is 1 mm. 
Figure II.5 Photograph of a sample after hydrothermal-treatment at 1.5 GPa and 
1173 K, showing metallic copper, cuprite (Cu20 , red coloured mineral) 
and an aggregate of fine quartz crystals. 
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Figure 11.6 Detail of a section through the sample surface showing the sharp boundary 
between original sample material (lower part) and newly grown quartz 
which is decorated by the buffer material. 
Section II: Hydrothermal-treatment 30 
11.3.1 WATER DISTRIBUTION IN UNBUFFERED EXPERIMENTS 
As no buffer material was added in run #9951 and #9949 it was not possible to 
distinguish between the original and newly-grown material. However from thickness 
measurements before and after the experiment it was evident that no significant 
overgrowth had taken place. Moreover the original polish on the surface was still visible 
and the sample was only slightly etched. The absorption spectra for sample SRI #3.4 (run 
#9949) and sample SR1#3.6 (run #9951) are shown in Figure II.7 and Il.8. The infrared 
beam is parallel to the long axis of the cylindrical sample which is parallel to one of the 
crystallographic a-axes. The uppermost spectra in Figure Il.7 and II.8 are from the 
samples after the hydrothermal-treatment at 1.5 GPa. The other curves are the spectra 
taken from the sample after a certain amount of material has been ground off. The lowest 
curve is the spectrum from the as-grown material prior to hydrothermal-treatment. Note 
the presence of sharp peaks between 380 and 400 mm-1 characteristic for water vapour as 
a result of improper alignment of the apenures in the infrared beam. 
11.3.2 WATER DISTRIBUTION IN BUFFERED EXPERIMENTS 
From the 9 buffered hydrothermal-treatments 3 runs were fully successful, producing 
totally crack free specimens which are overgrown by quartz decorated with red Cu20. A 
section perpendicular to the interface is shown in Figure Il.6, showing the newly grown 
layer of quartz with the red colour from the buffer material and the original surface of the 
specimen. As an example of the contribution of the relatively wet surface layer on the 
infrared absorption, three spectra of sample SR1#5.3 are shown in Figure Il.9. From top 
to bottom the curves represent the heat-treated specimen, the spectrum of the sample but 
with the surface layers taken off, and the spectrum of the as grown material. The results 
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for the three successful experiments are shown in Figure II.10 in the form of a histogram 
representing the average water content in the layers of sample material. 
In the case of the 24 hr heat-treated specimen, a substantial layer of up to 0.5 mm had to 
be removed in order to ensure that the beam path did not contain any of the surface 
directly exposed to the water representing regrowth or precipitates. However, infrared 
spectroscopy indicates that no water has penetrated into the remaining part of the sample. 
Section II: Hydrothennal-treatmenr 32 
-E a E 
-
0.15 ,... 
.... 
-C: 
-~ CJ 
:;::: 
-
0.10 Cl) 
0 C CJ 
C: 
0 
;: 
Q. 0.05 d 
-0 U) 
.c 
as 
0.00 +---....... --.,...---..------,i-----.----,-------1 
400 350 300 250 200 
Wave number [1 /mm] 
Figure 11.7 Infrared absorption spectra of sample SR1#3.4 a) sample plus newly 
grown material after hydrothennai-treatment at 1173 K, 1.5 GPa and 4 
hrs. no buffer added b) as above but one surf ace layer removed c) as 
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Figure II.9 Infrared absorption spectra of sample SR#53 hydrothermally treated under 
the conditions of a fixed oxygen fugaciry using copper copper oxide: a) 
sample plus newly grown material after hydrothermal-treatment at 1173 K, 
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layers removed a11d c) sample before hydrothermal-treatment. 
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II.4 DISCUSSION 
From the histograms shown in Figure II. l O and the set of absorption spectra shown in 
Figure II.7, II.8 and II.9 it is concluded that no measurable amount of water, 
characterized by broad-band absorption, has been taken up by the original quartz crystals, 
neither in the crystallographic a nor in the c direction for times up to 24 hours of 
hydrothermal-treatment at a total pressure of 1.5 GPa and ambient temperature of 1173 K. 
From comparison of Figures II.lOa, band II.lOc. it can be concluded that within the 
limits of detectability there is no significant difference between buffered and unbuffered 
experiments and neither is there a noticeable difference in water uptake between the 
natural and synthetic quartz samples. In the absence of any short-circuit penetration paths 
such as microcracks, the observations indicate a low value for diffusive uptake of water-
related species corresponding to broad-band infrared absorption and no aggregated water 
defects are formed. 
Furthermore, it has been observed that there is no significant increase in the sharp band 
absorption characteristic of the uptake of hydrogen based point defects (Kats, 1962). 
Although this is in agreement with the expected low hydrogen fugacity in the capsule 
during the experiments, the absence of sharp bands does imply that, even under the 
conditions of a high water fugacity, no H20 based point defects such as for instance 
(4H)si and (H20)i are formed within the limits of detectability. From the 24 hours 
duration experiments it can be concluded that even for these longer durations no 
measurable amount of water has penetrated the specimen over a substantial distance, 
characteristic of the width of the deformation halo described by Blacic (1981) and water 
penetration as observed by Maclcwell and Paterson (1985). 
The low diffusive uptake in the original crystal of water-related species might be due to 
either a low diffusivity or a low value for the solubility or to a combination of both. The 
I • 
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sensitivity of the combined infrared and sectioning technique is limited to an absorbance 
of the order of 0.01. Under this constraint, it can be concluded only that, if the solubility 
of defects were 1000 H/I06Si or more, the diffusion coefficient must be less than 
10-14 m2/s; alternatively, if the diffusion coefficient were 10-10 m2/s or more, then the 
solubility must be less than 10 H/l06Si. This is further illustrated in Figure II.13, 
showing a range of calculated diffusion profiles for different values of the diffusivity and 
solubility. It follows that the calculated diffusion profiles from Figure II.13 do not fit with 
the observations as shown in Figures II.10, 11 and 12., indicating that these combi-
nations for diffusivity and solubility for water in quartz can thus be excluded. 
The observation that no measurable broad-band uptake occurs during hydrothermal-
treaonent is in agreement with the recent work of Kronenberg et al. (1986) and Rovena et 
al. (1986). Kronenberg et al. (1986) annealed samples at 1.5 GPa for times up to 40 days 
in a hydrous environment, in which water was provided by a brucite-periclase mixture, 
and found an increase only in the sharp hydroxyl bands, which have been related to 
specific hydroxyl sites associated with AI3+ by Kats (1962), indicating that there was only 
diffusive uptake of hydrogen, insofar as penetration rates of the order of those previously 
proposed for intracrystalline water at high pressures are concerned. Rovetta et al. (1986) 
measured the infrared spectra of a natural quartz (Al) after annealing for up to 37 hours at 
a high water fugacity, 1173-1273 K and 1.0 to 1.5 GPa, using a double capsule 
assemblage and various metal-metal oxide buffers. Again, there was growth of the sharp 
bands but no increase in broad-band absorption was observed. Neither of these groups 
reported evidence for the presence of free water in their buffered assemblies at the ends of 
their runs but the present study leaves no doubt on this point. 
These results are in contrast with previously reported data on the uptake of water in quartz 
in solid-medium apparatus by Blacic (1981) and Mackwell and Paterson (1985). 
However, they are in agreement with the observation of Paterson and Kekulawala ( 1979) 
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at lower pressures of 300-500 MPa This result has been confirmed by Paterson and 
Bitmead (Gerretsen et al., 1985), employing a similar type of assembly to that used here 
for the solid medium high pressure runs but developed more specifically for the use at 
lower confining pressure in a gas medium apparatus. Thus the long standing paradox of a 
seemingly large difference in water-uptake between 300 and 1500 MPa (cf. Paterson and 
Kekulawala, 1979) has been resolved. 
The discrepancy between the results of these hydrothermal studies on uncracked 
specimens and the substantial uptake reponed by earlier workers is probably due the 
occurrence of nondiffusive uptake, related to the design of the assemblies used. Blacic 
(1975, 1981) repons the occurrence of minute bubbles in the vicinity of cracks and more 
intense deformed regions, but it is not mentioned whether those inclusions could have 
biased his estimate of the diffusivity of water into quanz. Madewell and Paterson (1985) 
also repon the occurrence of cracks although care was taken to avoid those optically 
visible. Kronenberg et al. (1986) and Rovetta et al. (1986) have shown that only fractured 
samples are characterized by broad-band infrared absorption. Fitz Gerald et al. (1988) 
show that specimens deformed and annealed in a solid medium-type apparatus do contain 
a high density of healed microfractures decorated by numerous fluid inclusions and 
conclude that the infrared observations from Ord and Hobbs ( 1986b) on these specimens 
must at least be biased by the occurrence of the water in the fluid inclusions. Thus 
microcracking and subsequent healing may be effective processes for the penetration of 
water, although Tullis and Yund (1985) have pointed to quantitative limitations. Surface 
alterations such as dissolution and precipitation either as a purely chemical process or as a 
form of pressure solution due to the mechanical contact between the sample and the 
capsule wall are also processes which could lead to a water-rich surface layer (Elphick et 
al., 1986). It has been shown here that newly grown quanz on the original sample does 
contain a relatively large but variable amount of water which might lead to erroneous 
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solubility and diffusivity estimates if not recognized as it has been in the present work by 
the decoration with buff er material. 
An alternative view on the occurrence of water in uncracked samples has come from 
Rovetta (1988) and Rovetta et al. (1988). It is argued by the authors that water as 
characterized by the broad-band infrared absorption can be formed in the sample from 
hydrogen taken up in excess of the hydrogen required for charge compensation of 
aluminium and possibly also iron point defects. When specimens are annealed under high 
water fugacity and hence a low hydrogen fugacity as was for instance the case in the 
present study, no such defects can be formed. However the experimental observations 
with respect to which this model is calibrated must be treated with care as no information 
was obtained from the experiments on the quality and location of the original sample 
surface. The observations presented here indicate that even an apparently well preserved 
surface can accommodate a potential amount of water as for instance indicated in 
Figure II.9 . 
Fitz Gerald et al. ( 1988) have extensively studied the microstructures of samples 
deformed by Ord and Hobbs (1986b) in a solid medium apparatus. In the deformation test 
of Ord and Hobbs the chemical environment was controlled by a range of metal-metal 
oxide buffers. It was found by Fitz Gerald et al. that during the preheat prior to the onset 
of the straining event the sample is severely cracked and that the intensity of the cracking 
is more extensive in the manganese-manganese oxide buffered runs than in the case of a 
tantalum-tantalum oxide buffer. It can thus be concluded that the amount of water taken 
up by the specimen in the case of a conventional solid medium type deformation or 
diffusion experiment does not depend on the diffusivity and equilibrium solubility of 
water-related species but rather on the degree of microcracking, and crackhealing or re-
growth. Brittle processes depend on the effective confining pressure which, in the case of 
a dehydrating talc medium, is expected to be low. In this case, only small deviations from 
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a hydrostatic stress state wouid be required to propagate cracks into the sample, since 
microcracks are invariably present or readily nucleated as a result of sample damage 
during preparation. Crack propagation is also sensitive to the chemical environment, 
including the concentration of electrolytes and oxygen fugacity (lshido and Nishizawa, 
1984; Etheridge, 1984; Atkinson, 1984), while crackhealing is likely to be controlled by 
crystal growth parameters such as the solubility of quartz in water, pressure and 
temperature stability of the environment, and the presence of dopants. 
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III.I INTRODUCTION 
The effect of heat-treatment at various pressures on water-containing inclusions in 
synthetic quanz has been examined by transmission electron microscopy (TEM). The aim 
of the experiments is to investigate the effect of a change in size and density distribution 
of water reservoirs in relation to strength measurements under various conditions as 
described in the literature. A random selection of TEM micrographs has been analysed to 
determine the size and density distribution of three distinctly different types of contrast 
related to inclusions. As the total sample volume investigated in TEM is in general less 
than a few µm3 all specimens have also been investigated by light scattering to obtain a 
bulk measurement characteristic of the inclusion population. However, the two applied 
techniques of TEM and light scattering are complimentary as well, in the sense that the 
light scattering is more sensitive to the larger sized inclusions of which there are only few, 
and TEM is more suitable for the analysis of the abundant smaller inclusions. The 
observations also provide a further constraint on the amount of water-related point defects 
in solid solution in synthetic quanz. 
In this section the synthetic quanz material used for the observations, the experimental 
technique and the theoretical background of TEM and light scattering are described. 
Numerical calculations of the stress-state around an inclusion as a function of the 
temperature and pressure are presented, and the observations are compared with 
elementary ripening and coarsening processes of inclusion microstructures as have been 
published in the literature. Some immediate implications for the process of water 
weakening are discussed. The light scattering measurements were done at the Research 
School of Physical Sciences, ANU, using equipment from the Laser Physics Centre. The 
determination of the sense of dislocation loops in Section III.4.2.2 was done in 
collaboration with Dr. John Fitz Gerald of the Research School of Earth Sciences, ANU. 
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111.2 DESCRIPTION OF STARTING MATERIAL 
The synthetic quartz which has been used for these investigations is the so-called W4-
crystal. This material has been used in a number of other experimental studies of the effect 
of water on the strength of quartz. Hobbs et al. (1972) have studied the plastic behaviour 
of single crystals including W 4 in uniaxial compression experiments at 300 MPa 
confining pressure. Kekulawala (1978) has studied the infrared absorption of this crystal. 
Mac.Jewell and Paterson (1985) have investigated the influence of heat-treatment at 1173 K 
and 1.5 GPa on the flow stress. No details are available on the growth condition of the 
crystal. It is thought that this particular material is from the same batch as crystals Wl and 
W2, which show similar characteristics in the water distribution (see also Hobbs et al., 
1972; Twiss, 1974, 1976; Morrison-Smith et al., 1976; Kekulawala et al., 1978, 1981; 
Gerretsen et al., 1988 and McLaren et al., 1983, 1988). The material was supplied by Dr. 
D.W. Rudd from Western Electric. 
lll.2.1 INFRARED ABSORPTION AND CHEMICAL COMPOSITION 
The infrared absorption spectrum (see Figure ill.1) shows the general characteristics of a 
'wet' synthetic quartz. In the 400 to 200 mm-1 wave number region the spectrum features 
a broad absorption band, corresponding to clustered molecular water (Aines et al., 1984), 
and superposed on that some minor sharp bands at 358, 344, 340 and 336.5 mm-1, 
probably related to point defects involving hydrogen (Kats, 1962; Chakraborty and 
Lehmann, 1976 and Aines and Rossman, 1984). Kekulawala (1978) reports some less 
intense sharp bands at 351.5, 359 and 361 mm-1, in samples of W4 at liquid helium 
temperature but they were not detected with the here applied spectrometry at 77 K. These 
bands are assigned by Kats (1962) to defects associated with Li, Hand K respectively. 
Section Ill: Heat-treatment of 'wet' synthetic quanz 49 
0.20 .------------------.....-----. 
-E 
E 
- 0.15 ~ 
-
-C 
.~ 
(J 
= 0.10 Cl) 
0 (J 
C 
0 ;: 
Q. 0.05 
-0 
en 
J:l 
< 
T:77K 
0.00 -+---.....---T----..-----,.------,-----,----.----4 
400 350 300 250 200 
Wave number (1/mm] 
Figure 111.1 Infrared absorption spectrum at 77 K, of the major 'wet' band of 
synthetic quanz crystal W4, showing broadband absorption and minor 
sharp peaks. Water content corresponds to 700 H!lrftSi. 
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The maximum hydroxyl content in the z-growth region of W4 is 700 HJI06Si in a 1 mm 
wide layer adjacent to the (0001) planar seed, with a rather homogeneous water 
distribution; and beyond this band there is a region with a lower and more variable 
hydroxyl content of around 100 H/106Si. These values are calculated with respect to 
reference crystal A6-13 (Kekulawala et al., 1981), using the integral molar absorption 
coefficient from Paterson ( 1982). Additional data on the impurity content of W 4 i.e. Al, 
Na, K, Ca, Fe and Mg, obtained from chemical analysis are listed in Appendix A.3. 
lll.2.2 MICROSTRUCTURAL OBSERVATIONS 
TEM observations within the relatively 'wet' band of the as-grown material reveal 
numerous strain features (Figure IIl.2) which have the same characteristics as those 
observed by McLaren et al. (1983), corresponding to small lens-shaped inclusions of 
water. The image contrast of this type of inclusion, hereafter to be referred to as clusters, 
has been discussed in detail by Ashby and Brown (1963a, b). The contrast feature 
consists of two lobes separated by a line-of-no-contrast, parallel to the long dimension of 
the spheroid. It has been observed that for a specimen foil parallel to { 1120} (Figure 
III.2a) the line-of-no-contrast is parallel to the c-axis, and for a basal plane foil this line 
runs parallel to the traces of the rn-planes (Figure III.2b, c and d) indicating that the 
spheroidally shaped inclusions lie parallel to (1010) planes. From measurements of the 
dimension of the clusters and strain field around the precipitates, McLaren (personal 
communication) calculated a strain of 2 ± 1 % in the axial direction of the disk shaped 
inclusion. 
When working from a foil parallel to { 1120}, only 25 % of the inclusions in the as-
grown material show a line-of-no-contrast. It can be argued however, that the other 75 % 
are also high pressure clusters, but do not show a line-of-no-contrast as the result of a 
51 Section Ill: Hear-treatment of 'wet' synthetic quartz 
a 
0 
g = 0111 
1µm 
Figure 111.2 TEM Micrograph of the 'wet' band of as-grown W4, showing a high 
density of strain features corresponding to high pressure water inclusions; 
a)foil parallel to /1120/, b, c and d)foil parallel to the basal plane. 
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range of factors such as orientation or size of the cluster, position in the foil and deviation 
from the exact Bragg condition. The contrast of an inclusion is proponional to the 
displacement of the matrix-inclusion interface in the direction of the diffraction vector g. 
This term will be smaller by a factor 2 for 67% of the inclusion population which lies in 
m-planes at 60° to the normal of the foil, when compared with clusters lying parallel to the 
diffracting plane. Furthermore, the image contrast of a cluster is strongly dependent on s, 
the deviation from the exact Bragg condition (Ashby and Brown, 1963a) indicating that 
also vertically orientated clusters might not show a line-of-no-contrast depending on the 
local diffraction conditions, whereas it might also be expected that for small inclusions (r 
< 5 nm) the surface tension becomes sufficiently large to reduce the strain around the 
inclusion and hence reduce its visibility as a strain object. 
The size distribution of the clusters which is shown in Figure III.3, is symmetrical and 
approaches a Gaussian distribution. The fact that the distribution does not show a sharp 
cut-off for smaller sizes indicates that the measurements reflect a genuine material aspect 
and not an artifact related to the resolution of the TEM technique. The average diameter of 
the disk shaped clusters is 33 nm. The aspect ratio (defined as the short over the long 
dimension) has been estimated at approximately 1:4 (McLaren, personal communication). 
The number density of clusters in the 'wet' band of crystal W 4 has been estimated at a 
value of 9 ± 4 x 1Ql9 m-3 (Figure III.4). This number has been obtained from TEM 
micrographs for g = 1011 and s = 0, taken at a magnification of 20,000x by counting the 
number of inclusions in an area of 100 µm2 at a foil thickness of 350 nm as estimated 
from the extinction contours. 
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III.3 EXPERIMENTAL TECHNIQUE 
III.3.1 SAMPLE PREPARATION 
All samples were cut from the Z-growth region of the crystal W4 in rectangular shaped 
prisms of approximately 5 mm long and a square cross section of 2.5 mm edge, with the 
long dimension parallel to the c-axis. Each sample contains part of the original growth 
seed, the 'wet' band and part of the 'drier' region as shown schematically in Figure ill.5. 
-r 
The four prism faces were ground parallel using alumina gr# down to 5 µm. 
III.3.2 HEAT-TREATMENT EXPERIMENTS 
Samples were heat-treated for 0.5, 2 and 8 hours at various temperatures ranging from 873 
to 1173 Kand at three levels of confining pressures. At 0.1 MPa, heat-treattnent was done 
in a muffle furnace in air, using a large copper block, providing a homogeneous 
temperature distribution, and a control thermocouple attached to it. At 300 MPa, a gas 
apparatus was used (for a description see Paterson, 1970). Samples were heat-treated 
either in a hydrous environment, using a capsule similar to the one described in Section 
II.2.2 but developed more specifically for the use at lower conf""ining pressures by Binnead 
and Paterson (personal communication, see also Gerretsen et al., 1985 and Figure ill.6a) 
or, without a jacket, with the sample directly exposed to the argon confining medium. The 
piston assembly is shown schematically in Figure III.6b, featuring alumina spacers 
surrounded by an arc welded iron jacket(~ )attached to · a hollow extension in which the 
capsule or thick walled copper canister containing the specimen is suspended with some 
platinum wire. Alumina paper was inserted between the container and iron jacket in order 
to prevent welding of the capsule to the iron jacket. 
··" 
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Figure 111.5 Schematic drawing of the quartz crystal consisting of part of the seed, 
the 1 mm wide major 'wet' bands and the 'drier' regions adjacent to it. 
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Figure III.6a Schematic drawing of the capsule used/or hydrothermal heat-treatment 
at 300 MP a (Bitmead and Paterson, personal communication). The long 
dimension of the capsule, in combination with the relatively small 
volume allows the water to expand without rupture of the jacket. The 
circles indicate the position of the welds and the numbers refer to the 
welding sequence. 
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t7/ZI copper ~ steel !Jbf:5?! alumina t<<<4 zirconia iron 
Figure 111.6b Schematic drawing of the piston arrangement used/or the heat-treatment 
experiments in the gas rig, showing welded jacket and position of 
capsule (After Bitmead and Paterson, personal communication). 
6c) Schematic drawing of the piston and jacket a"angement used/or 
calibration of the temperature distribution. Note the similarity in the 
assembly compared with the capsule shown in Figure lll.6a. 
I IIF"i 
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Calibration of the temperature distribution was obtained with an assembly closely 
resembling the container configuration as shown in Figure III.6c. In this assembly 
arrangement, the thermocouple can be lowered down to the actual position of the sample 
during the heat-treatment. 
Heat-treatment at 1500 :MPa was done using the assembly as described in Section II.2.2. 
As it was observed (see Section II.3) that no significant exchange of water occurs during 
high temperature treatment, no attempts were made to maintain a chemical environment 
different from that provided by the talc-graphite-copper assembly (see also II.2.3.3). In all 
experiments the samples were wrapped in platinum foil in order to prevent contamination 
of the surface and, in the case of heat-treatment in a hydrous environment, to prevent 
diffusive uptake of copper from the capsule (see also Section III.4.3 for more details on 
the uptake of copper). During the experiments the temperature and, where applicable, the 
pressure were raised and lowered simultaneously over approximately 20 minutes. 
111.3.3 LIGHT SCATTERING 
111.3.3.1 Theory 
The milky colour of a heat-treated synthetic quartz can be attributed to the scattering of 
light as a result of the difference in density or refractive index between the matrix and the 
individual inclusions. The scattered, and also the transmitted, light thus contains 
information about the nature of the scattering objects. For objects which are significantly 
smaller than the wavelength of the incident light (diameter d << 0.1 A) the relation 
between the level of light scattering and the size and density distribution is described by the 
Rayleigh scattering theory (see for instance Kerker, 1969). For incident unpolarized light 
of intensity Io, the intensity Is scattered by a sphere is dependent on the diameter of the 
sphere (d), the relative refractive index (n = ninclusionlnmatrix), the wavelength of the 
incident light (A), the distance (R) of the scatterer to the observer and the angle (9) of the 
., 
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direction of the scattered light with respect to the incident beam, and is given by (Kerker, 
1969, p 35): 
1td6 {n2 - 11, 
Is= 8R2A.4 n2 + 2f 1 + cos20) Io . (Ill. I) 
The ratio of the scattered intensity Is over the intensity of the incident light Io thus gives a 
measure of the turbidity. In reality the detector only measures a fraction of the light 
scattered by the sample over small solid angle. Provided the geometry of the measurement 
remains constant, this fraction is the same for each experiment and is incorperated in the 
factor 1e: 
Is 6 Io= Kd (Ill.2) 
The relative scattering intensity for a collection of ni inclusions of size di is given by the 
sum of the individual contributions: 
(Il].3) 
For practical application it is important to notice that the intensity of the scattered light 
reflects a combination of size and density distribution and is therefore not a unique 
measure of the inclusion population. Furthermore, due to the strong dependence on the 
size of the objects, the light scattering is extremely sensitive to the larger sized objects, the 
effect of which over-shadows the information of the smaller sized inclusions. For 
instance, when out of a hundred inclusions the size of only one is increased by a factor 5, 
the light scattering will increase by more than two orders of magnitude 
111.3.3.2 Laser light scattering set-up 
A schematic drawing of the apparatus developed for the measurement of light scattering is 
given in Figure ID. 7, showing the various components and the light paths. As light 
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Figure 111.7 Schematic diagram of experimental set-up used/or the measurement of 
the light scattering, showing the various components and the light path. 
See text for discussion. 
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source an argon laser was used with a variable output up to 1 watt (wavelength 488.15 
nm). The intensity of the incident light could be varied in a reproducible way by a set of 
neutral density filters (ND 1) while keeping the output of the laser at a constant value. The 
laser beam is collimated with lens Ll (f=200 mm) down to a cross section of 
approximately 1 mm, corresponding to the width of the 'wet' band. The sample was 
mounted in a box, glued together from glass normally used for mounting petrological thin 
sections. This box was filled with a refractive index fluid (immersion oil; Zeiss 518C, 
PCB free, no= 1.515). The refractive index of quartz is slightly larger (0)::1.544 and E = 
1.553; Deer et al., 1974), and some loss of light occurred due to the reflection at the 
surface between crystal. Anificial almond oil (benzaldehyde, C1H60, no = 1.5440 -
1.5465) which has a refractive index closer to quartz has also been used but did not appear 
to be suitable due to the formation of a white precipitate when exposed to air. The glass 
box containing the sample was positioned on a U-stage mounted on an ordinary 
petrological microscope providing three degrees of freedom for translation and three 
independent axis of rotation required for the sample alignment with respect to the light 
path. For alignment purposes the sample could be viewed through a pair of 
binoculars (B). 
The transmitted light is focussed with lens L2 (f=200 mm) on to a power meter (PM) 
which was used for the measurement of the output of the laser in order to calibrate the 
scattering measurement, as well as for the measurement of the transmitted light. A one to 
one image of the sample is projected on a 1 mm wide slit (S) by the lens L3 (f=50 mm), 
reducing scattering contribution from other parts of the sample. 
The intensity of the light scattered by the sample was measured with an optical multi-
channel analyzer (OMA), consisting of an array 0f 500 vertically shaped, light sensitive 
elements. A magnified image (3x) of the specimen, after the aperture, is projected by lens 
L4 (f=25 mm) onto the tube of the optical analyzer. In this configuration the scattering 
., 
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information of the sample in the vertical direction is stacked and the array provides a 
horizontal cross-section of the sample. The information coming from the OMA is 
displayed on a cathode ray tube (CRT) which was used as a monitor to optimize sample 
position and alignment The horizontal variation in light scattering is plotted on a flat bed, 
x-y chart recorder. 
The short wavelength of 488 nm in combination with the large output of the laser provide a 
high sensitivity, enabling very low levels of scattering to be observed, even from the 'wet' 
band of the as-grown material. For each sample, scans were made in four directions, from 
the 'wet' band and the 'drier' region 1 mm adjacent to it, each consisting of 100 counts of 
the OMA. The intensity of the incident and transmitted light were also measured for each 
scan. 
111.3.3.3 Qualitative comparison 
A qualitative estimate of the amount of light scattering can easily be obtained from a 
comparison of samples under a low magnification microscope with incident light at right 
angles to the viewing direction. This technique provides a suitable indication of the relative 
change in light scattering and has been used in analysing the results of some of the heat-
treattnent experinlents. 
111.3.4 TRANSMISSION ELECTRON MICROSCOPY 
III.3.4.1 Sample preparation 
As has been described above, all samples were cut from the crystal so that they contain 
part of the original growth seed. This seed contains a number of optically visible elongated 
inclusions, providing a way to mark accurately the position of the area of interest. A 
standard 30 µm thin section, foil parallel to [llQ], was made and a copper grid (0.5 mm 
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spacing) was glued on to the foil, lining up with the growth bands in order to suppon the 
sample and provide a recognizable framework in the electron microscope. 
111.3.4.2 Theory 
In general, with a two beam condition (0,g), an inclusion can be imaged by three different 
types of contrast: strain contrast, structure factor contrast or diffraction contrast from 
planes in the particle. In the case of inclusions in quartz the image is probably due to a 
combination of the first two types of contrast; however, depending on the internal 
pressure, there might also be a contribution to the visibility from the third type of contrast 
if water is in the form of ice. 
Strain contrast or matrix contrast arises from a deviation from the exact Bragg angle of the 
elastically distorted planes around an inclusion. This deviation is defined by a vectors in 
reciprocal space describing the distance between the Ewald sphere to a reciprocal lattice 
point. The strain features are characterized by a line-of-no-contrast which runs, in the case 
of a spherical particle, perpendicular to the reciprocal lattice vector g of the operating 
reflection, or, in the case of an ellipsoidal inclusion, parallel to the long direction of the 
inclusion (see Figure III.2). The actual dimensions of the particle are generally smaller 
than the observed strain feature and can be approzjmated from the contrast contours (see 
for instance Ashby and Brown, 1963a,b). An estimate of the visibility of the inclusions 
can be obtained from a criterion given by Ashby and Brown (1963b, p 1675) for a 
spherical shaped cluster and s = 0: 
(III.4) 
where e is the strain in the matrix, ~g is the extinction distance and I g I is the length of the 
diffraction vector (see Table III.l). It follows that the intensity contrast is the highest for a 
reflection with the shortest extinction distance and that for g=lOll and s=O, the 
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g I g I [nnr1] ~11: [nm] ~ { 10 i 1 } /~g 
lOi 1 2.99 68.95 1.0 
Olil 2.99 106.6 0.647 
lOiO 2.35 155.4 0.444 
2iio 2.35 171.95 0.401 
0003 1.85 845.0 0.082 
Table 111.1 Extinction distance for 100 kV electrons in quamfor dijferenl reflections. 
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smallest visible strain object in quanz, given a strain of 2 % is approximately 7 nm 
diameter (see Figure ill.8). In the as-grown material the dimension of the smallest cluster 
characterized by a line-of-no-contrast which has been observed is in the range of 5 to 
10 nm and is thus in good agreement with the theoretical prediction. 
Many inclusions in this particular type of quartz and especially in the annealed samples are 
mainly visible due to structure factor contrast or thickness contrast. Contrast arises when a 
precipitate has a different structure factor from the matrix and hence a different extinction 
distance. The intensity change L\I for s = 0 is given by (Ashby and Brown, 1963b, p 
1657): 
{ 
1 1} . 2m 
Af = -1ti\t ;~ - ~; sm ~; , (ill.5) 
where L\t is the particle diameter, ;gP.m are the extinction distances for the precipitate and 
the matrix respectively, and t the foil thickness. In the case of a fluid-filled inclusion the 
extinction distance for the precipitate is infinitely large and again the intensity contrast is 
the highest for a reflection of the matrix with the shonest extinction distance. For a thin foil 
(t < 3;g), where the effects of absorption can be neglected, the minimum theoretically 
visible size for g = 1011 is 1 nm. Although, in practice, the minimum visible size might 
be larger, depending for instance on the alignment of the microscope and the quality of the 
sample surface, the smallest inclusions observed here are of the order of a few nm and it 
can thus again be concluded that, except for the cut-off at 5 nm, the measured size and 
density distribution is not an artifact due to the limitation in the visibility, i.e. there may or 
may not be inclusions smaller than 5 nm. 
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Figure IIl.8 Lines of constant intensity (10%) with respect to background for 
different reflections indicating whether an inclusion will be visible 
through strain contrast (Modified after Ashby and Brown, 1963b). 
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III.3.4.3 Technique 
Samples have been investigated routinely in bright field using a two-beam diffraction 
condition (0,g) with g = 1011 ands= 0 at a magnification of 20,000x. In order to prevent 
a bias towards taking micrographs from areas with a high density of information, for each 
sample 10 to 20 micro graphs were taken from those parts of the foil which have a suitable 
thickness and are not buckled. 
The micrographs are analysed in respect of the size and density distribution of a number of 
distinctly different contrast features. The counting and measurement of the sizes of the 
contrast features is done from an optical magnification (approximately 5x) of the negative 
using a photographic enlarger giving a total magnification of 100,000x (i.e. 1 nm - 0.1 
mm). The image of the negative is projected onto a digitizer tablet, from which the 
diameter of the object together with a code related to the type of contrast is sent to a 
microcomputer. As the micrographs in general show a wide range in contrast, analysing 
directly from the negative has a distinct advantage that no information is lost as would 
otherwise be the case when working from printed images. 
An indication of the volume of the material investigated is obtained by measuring the area 
transparent to the electron beam. No attempts have been made to correlate this measure 
with a real value of the volume and as such the density distribution is only a relative 
number. 
To give an idea of the magnitude of the numbers involved in the counting, one 
micrograph, corresponding to approximately 3 µm3 may contain up to 250 inclusions. In 
total, nearly 300 micrographs have been analysed corresponding to 1 mm3, giving a total 
of 20,000 inclusions. So there should be plenty of W4 left for another few generations of 
PhD. students. 
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111.4 OBSERVATIONS 
Two types of heat-treatment experiment have been done. In the first set the as-grown 
material has been annealed only once, for a particular time at a given temperature and 
pressure as listed in Table ill.2. In the second set of annealing experiments the as-grown 
material has been subjected to two pressure-temperature cycles; (1) heat-treatment for 2 
hours at a temperature of 1173 K and pressure of 0.1 MPa and (2) heat-treatment at higher 
pressures (300 and 1500 MPa) at various temperatures and over various times as listed in 
Table III.3. 
111.4.1 LIGHT SCATTERING MEASUREMENTS 
Of the experiments listed in Table III.2 and 3, only the first set, involving heat-treatment of 
as-grown W4, has been investigated by light scattering using the laser set-up as described 
in Section ill.3.3. The specimens of the second set of experiments (table ill.3) have been 
analysed for the relative level of light scattering by comparison of the samples in an optical 
microscope, as recorded photographically. 
III.4.1.1 Results of one P-T cycle 
A typical plot of the light scattering distribution in a heat-treated crystal is shown in Figure 
ill.9. If the amount of scattered light is a substantial fraction of the transmitted light, the 
sample can not be regarded as a point source and a correction has to be applied to the data 
in order to obtain a representative number for the light scattering independent of the size 
and geometry of the sample (cf. McLaren et al., 1983). Consider a specimen with a 
rectangular shaped cross section of dimension L along the propagation direction x of the 
incident light and width w in the y direction perpendicular to it. The attenuation of the 
transmitted light in the x-direction due to the scattering is 
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Sample # Pressure[MPa] Temperature [K] Time [hrs] Experiment # 
W4#6.1 0.1 873 0.5 1001 
W4#6.2 0.1 873 2 1002 
W4#6.3 0.1 873 8 1003 
W4#6.4 0.1 1173 0.5 1004 
W4#6.5 0.1 1173 2 1005 
W4#6.6 0.1 1173 8 1006 
W4#6.7 300 873 0.5 5185 
W4#4.3 300 873 2 5141 
W4#6.ll 300 873 8 5198 
W4#6.9 300 1173 0.5 5187 
W4#4.2 300 1173 2 5129 
W4#6.8 300 1173 2 5186 
W4#3.2 300 1173 4 5086 
W4#6.10 300 1173 8 5188 
W4#4.7 1500 873 0.5 7896 
W4#5.5 1500 973 0.5 7906 
W4#5.6 1500 1073 0.5 7907 
W4#4.5 1500 1173 0.5 7894 
W4#4.8 1500 873 2 7898 
W4#4.9 1500 873 8 7899 
W4#5.4 1500 873 8 7905 
W4#4.5 1500 1173 0.5 7894 
W4#4.10 1500 1173 0.5 7900 
W4#5.l 1500 1173 0.5 7902 
W4#5.2 1500 1173 0.5 7903 
W4#2.1 1500 1173 2 9959 
W4#5.3 1500 1173 2 7904 
W4#4.4 1500 1173 2 7895 
W4#4.6 1500 1173 8 7896 
Table 111.2 List of heat-treatment experiments of as-grown W4 synthetic quanz. 
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Sample # Pressure[MPa] Temperature [K] Time [hrs]* Experiment # 
W4#7.2 0.1 1173 2 starting material 
W4#7.8 0.1 1173 8 1007 
W4#7.9 0.1 1173 2 1008 
W4#7.3 300 1173 8 5303 
W4#7.7 1500 873 0.5 7926 
W4#7.6 1500 973 0.5 7925 
W4#7.4 1500 1173 0.5 7923 
W4#7.5 1500 1173 0.5 7924 
W4#7.1 1500 1173 8 7922 
Table 111.3 List of heat-treatment experiments of samples which have been heat-treated 
previously at 1173 Kand 0.1 MPa for 2 hrs. •time in addition to 2 hrs at 
0.1 MPa and 1173 K (except for starting material) 
W4#6.6-0.1 MPa/1173 K/8 hrs 
0.8 
0.6 
0.4 
0.2 
o.o-+-----.----.----....---,,---........ ....,~-.----'T'""" ........ ---"'T""---,.........,..---....... -, 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Distance [mm] 
Figure 111.9 Typical light scattering distribution in a heat-treated sample. The light 
enters the crystal from the left. The intensity of the scattered light 
decreases from left to right as the intensity of the transmitted beam is 
continuously decreasing. 
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(IIl.6) 
where µ is the scattering coefficient or turbidity. In the middle of the sample the intensity 
of the beam can be expressed as 
(III.7) 
The scattered light Clso) from the incident wave traveling through the middle of the sample 
and reaching the detector is then given by 
(III.8) 
where 1C is a geometrical factor (see Section ill.3.3.1). Writing the scattering coefficient in 
terms of the measured parameters and using Is =Ioµ (see Section ill.3.3.1), 
Is { Io [r - 1] }o.s 
-=Iso 
Io (:!.+ 1] 
IT(L) L 
(III.9) 
Is/Io is a measurement of the turbidity of the sample and is independent of the sample 
dimensions and the intensity of the incident light Note that Iso and Io were measured with 
two different instruments (see Section III.3.3.2), Is/Io has therefore only relative 
significance. 
For each sample, four values for Iso, IT(L) and Io are obtained for both the 'wet' and the 
'drier' band and Is/Io is calculated. The average value and standard deviation are plotted as 
a function of the time for different values of the temperature and the pressure in 
Figure ill.10. It follows that the calculated level of light scattering coefficient using the 
experimental configuration as described in Section ill.3.3. varies consistently over six 
73 
a 
2 
1 
0 
..... 
0 
~ 
!!l 
..... 
-1 
C) 
0 
-
-2 
-3 
-4 
b 
2 
1 
0 
..... 
0 
~ 
t/J 
-1 ::. 
C) 
0 
-2 
-3 
-4 
0 
0 
Section Ill: Heat-treatment of 'wet' synthetic quanz 
873 K / 'dry' band 
0.1 MPa ~ 
1.SGPa---• 
1 2 
Time (hr0.5] 
1173 K / 'dry' band 
:c...----_.--0.1 MPa 
-----..--300 MPa 
~....--1.SGPa 
1 2 
Time (hr0.5] 
1 
3 
3 
Figure Ill.JO Relative scattering intensity !silo as a function of the duration of the heat-
treatment. a) 'dry' band and 873 K, b) 'dry' band and 1173 K, c) 'wet' 
band 873 Kand d) 'wet' band 1173 K. 
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orders of magnitude. The spread in the individual measurements is large as a result of the 
strong sensitivity of the measured value of the light scattering level to the alignment of the 
laser beam with the sample and the image of the sample on the OMA. However a clear 
trend can be observed in the value of Is/Io as a function of the temperature, pressure and 
duration of the heat-treaonent experiments. 
The level of Is/Io increases with heating time and temperature as expected. but is less for a 
higher externally applied pressure. The initial rate of increase of Is/Io is clearly higher at 
1173 K than at 873 K. At 1173 K the level of Is/Io remains more or less constant after the 
first 0.5 hr, apart from the samples annealed at 1.5 GPa, which do show a slow but steady 
increase in light scattering. Apart from a systematically lower value of light scattering in 
the 'dry' band there is no major difference in the variation with temperature and pressure 
between the 'wet' and 'drier' region. A further interpretation will follow after the 
presentation of the analysis of the TEM observations of the heat-treated samples. 
111.4.1.2 Results of two P-T cycles 
A qualitative estimate of the level of scattered light can easily be obtained from a 
comparison of samples under a low-magnification microscope with incident light at right 
angles to the viewing direction. This technique provides a suitable indication of the relative 
change in light scattering and has been used in analysing the results of the heat-treaonent of 
the previously annealed samples (0.1 MPa, 1173 Kand 2 hrs). Figure III.11 shows such 
a photographic record of the light scattering of a set of samples re-heat-treated under 
various conditions as indicated in the lower half of the figure. From these observations it 
follows that the level of light scattering as a result of the heat-treaonent at 0.1 MPa and 
1173 K for 2 hours can be reduced significantly by a second anneal at higher pressures. 
The reduction of the turbidity is more pronounced at high pressure and low temperature, 
being most pronounced when re-annealing is done at 1.5 GPa and 873 K for only 0.5 hr. 
Section Ill: Heat-treatment of 'wet' synthetic quartz 
0.1 MPa 
1173 K 
2 hr 
1.5 GPa 
973 K 
0.5 hr 
300 MPa 
1173 K 
8 hr 
1.5 GPa 
873 K 
0.5 hr 
1.5 GPa 
1173 K 
0.5 hr 
1.5 GPa 
1173 K 
8 hr 
76 
Figure 111.11 Photograph showing samples of synthetic quartz which have been heat-
treated at various temperature and pressure conditions as indicated in the 
lower half of the figure after an anneal, at 0.1 MPa, 1173 K, and 2 
hours. The intensity of the white banding is an indication for the level of 
light scattering caused by the presence of fluid inclusions. 
Section III: Heat-treatment of 'wet' synthetic quartz 77 
111.4.2 TRANSMISSION ELECTRON MICROSCOPY 
111.4.2.1 Results of one P-T cycle 
In this type of annealing experiments the as-grown material has been annealed only once 
for a particular time at a given temperature and pressure as listed above in Table III.2. 
Microstructures 
Observations on samples which have experienced only one heat-treatment event show that 
all specimens have undergone some degree of modification of the microstructure as 
compared with the as-grown material. At first glance there does not appear to be a striking 
difference between the heat-treated samples, all samples being characterized by a variety of 
inclusions and some dislocations. In general, upon heating, larger, stress-free inclusions 
and dislocations are formed; some of the inclusions are attached to a dislocation (see 
Figure III.12). However, upon closer examination, it appears that the relative 
concentration of inclusions varies consistently from sample to sample. 
In Section ill.2.2 the inclusions visible in the as-grown material have been described. In 
analysing the micrographs of the heat-treated material the same definitions are used. The 
two types of contrast which have been identified are: (i) approximately circular or 
crystallographically shaped domains of contrast related to inclusions which are visible 
mainly due to structure factor contrast (see Figure III.13 and also III.2), hereafter to be 
referred to as type 1 inclusions, (ii) features which show a line-of-no-contrast reflecting a 
strain of the matrix around the inclusion, characteristic for the as-grown material (see 
Figure III.14 and also III.2), hereafter to be referred to as type 2 inclusions. In addition to 
these two types of inclusions a third type of contrast has been observed in the heat-treated 
material consisting of an image which cannot be readily attributed to either of the two 
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O.Sµm 
Figure 111.12 TEM micrograph showing large sized, stress-free inclusions some of 
which are attached to a dislocation. 
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Figure III.13 TEM micrograph showing large stressjree inclusions of type 1. 
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Figure 111.14 TEM micrograph showing inclusions of type 2 with line-of-no-contrast 
parallel to the trace of the {OJ 11) plane, consistent with a disk shaped, 
high pressure inclusion visible due to a strain contrast. 
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types of inclusions described above and which shows a composite contrast feature related 
to the contribution of more than one object, possibly corresponding to an early stage of 
dislocation nucleation as illustrated in Figure ill.15 and hereafter to be referred to as type 3 
contrast. 
As was pointed out before in Section ill.2.2, the first category thus covers inclusions with 
a high internal pressure but not showing any distinct strain contrast either because of their 
orientation (see also Section ill.2.3) or size, as well as bubbles (strain free inclusions 
which developed during annealing). The size of type 2 inclusion can be measured directly 
from the image. Ashby and Brown (1963b) have shown that the length of the line-of-no-
contrast corresponds approximately to the diameter of the spheroidally shaped inclusion. 
In determining the size of type 3 inclusions only the longest dimension of the image has 
been measured routinely. It should be emphasized that in the following discussion the 
terms type 1 , 2 and 3 explicitly refer to the observations of these types of contrast in TEM 
and that the term clusters refers to all the inclusions which have a high internal pressure 
and thus comprising all type 2 inclusions and part of the group of type 1 inclusions. To 
illustrate the use of these terms: the inclusions in the as-grown material are all interpreted to 
be clusters (see Section ill.2), 75 % of which are visible as type 1 contrast and 25 % of 
which-show a line-of-no-contrast and are referred to as type 2 contrast. 
For those objects of the third category which have a suitable orientation or have developed 
into a more distinct bubble and dislocation it has been observed that the actual size of this 
type of contrast is substantially larger than the inclusion which will ultimately develop 
from this intermediate structure. The relative contribution of this group of features to the 
light scattering can thus not be evaluated simply from the measured dimension of the 
image. This third category also includes contrast features which are characterized by a 
planar defect showing a fringe pattern similar to the modified inclusions described in 
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Figure III.JS TEM micrograph showing complicated contrast features (type 3), 
possibly corresponding to the combination of a small dislocation loop 
and an inclusion. 
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detail by McLaren et al. (1988) and interpreted as small fractures (see Figure ill.16). 
Similar features have also been reported by Cordier et al. (1988). They show that the 
fringe pattern is consistent with a lattice displacement of half a Burgers vector, i.e. 
l/6<1120> on the basis of which they suggest that the line surrounding the fringes 
corresponds to a partial dislocation. No further attempt has been made to investigate the 
nature of these stacking fault fringes. However, some of the features observed correspond 
to curved micro-fractures when viewed edge on. 
The dislocation microstructure was found to be consistent with the observations of 
McLaren et al. ( 1988) and has not been studied in as much detail as the inclusions. The 
most abundant dislocations occur as climb loops with Burgers vector l/3<1120> but 
dislocations with Burgers vector having a c-component have also been observed. 
In the analysis of the heat-treated samples TEM observations have been made only on the 
'wet' band. Considering that in the 'drier' region the density of inclusions is much lower, 
an analysis of similar quality would require at least an order of magnitude more 
observations to obtain a comparable number of inclusions and was therefore not 
considered to be feasible in the context of this study. 
Inclusion size and density distribution 
The size and density distribution of the three types of contrast features described above, 
has been analysed for each sample from a series of micrographs of randomly selected 
areas. The results of these measurements are presented in Appendix A.1 in the form of 
cumulative histograms of the three types of contrast features. As an example Figure ill.17 
shows the results for specimens which have been heat-treated at 0.1 MPa. From these 
observations a clear trend emerges for the evolution of the inclusion population, the 
distribution varies consistently with temperature and pressure as follows:-
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1µm 
Figure 111.16 TEM micrograph showing a planar contrast feature as reflected by the 
stacking fault fringes, corresponding to microcracks as described by 
McLaren et al. ( 1988). Weak beam dark field (0.3g) . 
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Figure 111.17 Inclusion size distribution in 'wet' synthetic quartz after heat-treatment at 
0.1 MPa, 873 and 1173 Kand/or 05, 2 and 8 hours as indicated in the 
legend of each histogram according to pressure [MPa}ltemperature 
[KJ!time [hrs]. For a description of type I, 2 and 3 contrast features see 
text. Density in arbitrary units. For calibration see Appendix A.I. 
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Upon heat-treatment, the number-density of the inclusions originally present in the as-
grown material decreases. The strain features (type 2) disappear more rapidly than the 
inclusions visible due to thickness contrast (type 1) and larger sized, stress-free inclusions 
are formed. The features of the third category, related to inclusions in their early stage of 
expansion, can be found under nearly all conditions of heat-treatment except for 0.1 MPa 
and 1173 K. In order to condense the information presented by the histograms of 
Appendix A.l into a more convenient form, the peak height of the combined distribution 
of type I and type 2 inclusions is used as a characteristic parameter of the inclusion 
evolution, and plotted as a function of time for different values of pressure and temperature 
in Figure III.18. A few of the aspects of the inclusion evolution emerging from this 
compilation are illustrated in more detail to demonstrate the sensitivity of the approach. 
From Figure III.18 it follows that the change in the inclusion population is most rapid 
during heat-treatment at 0.1 MPa and 1173 K. After 0.5 hr of heat-treatment there appears 
to be no significant funher development of the inclusion distribution under these 
conditions. This is illustrated in Figure III.19 which shows some representative TEM 
micrographs and corresponding size distributions: within the first 0.5 hr the density of 
type 1 and type 2 inclusions, compared to the as-grown material (Figure III.3), decreases 
by a factor of six and the mean size of type 1 shifts from 33 to 63 nm, whereas the 
maximum of the distribution has shifted from 33 to 25 nm. When heat-treated at high 
pressure (1.5 GPa) and low temperature (873 K) the number and size distribution of type 
1 as well as type 2 inclusions changes more slowly. This is illustrated in Figure ID.20. 
Figure III.21 shows the change in microstructure as a function of the externally applied 
pressure at a temperature of 873 K and 2 hours duration of the heat-treatment. 
Qualitatively, an increase in pressure has the same effect on the rate of change as has a 
decrease in temperature and vice versa 
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Figure III.18 Diagram showing the change of the peak height of the combined 
distribution of type 1 and type 2 inclusions, as a characteristic parameter 
of the inclusion evolution, with time for different values of pressure as 
indicated. Top ; 873 K, bottom; 1173 K. 
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However, although the initial decrease in number of inclusions during the first 0.5 hr is 
more rapid at low pressure and high temperature, the rate of decrease for longer annealing 
times occurs faster at 873 K than at 1173 K. This results in a higher density of inclusions 
at high temperature than at low temperature when heat-treated for 8 hrs for all pressures. 
Figure III.22. shows the same information as presented in Figure III.18 but grouped 
according to value of the pressure to emphasize this temperature effect 
The size of the inclusions corresponding to the density maximum in the distribution 
changes systematically with pressure and temperature as shown in Figure III.23 but 
appears to be independent to the duration of the heat-treatment It follows that for a 
temperature of 1173 K the maximum shifts from 33 nm in the as-grown material to 25 nm 
within the first 0.5 hr of annealing and that this maximum does not change systematically 
with the duration of the heat-treatment At 873 K, however, the most frequently occurring 
inclusion size is approximately equal to that in the as-grown material when heat-treated at 
high pressure but decreases to 25 nm for 0.1 MPa. 
The time average of the size range for a given temperature and pressure is shown in Figure 
ill.24. No significant change in the lower limit of the size distribution has been observed 
with respect to the as-grown material. The upper limit varies consistently as a function of 
the temperature. At 873 K the maximum observed inclusion size is 130 nm and for a 
temperature of 1173 K this value is approximately 200 nm, within the spread of the 
measurements, apparently independent of the duration and applied pressure. At high 
pressure the distribution remains significantly peaked around the original distribution even 
after 8 hours of heat-treatment, whereas at atmospheric pressure many more large sized, 
type 1 inclusions have been formed. 
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Figure III.19 Size distribution of inclusions in heat-treated material at 0.1 MP a and 
1173 K for O 5, 2 and 8 hours as indicated in the legend according to 
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Temperature[KJ/time[hr] and corresponding characteristic TEM micrographs showing 
decreasing inclusion density, with time. 
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Figure III.21 Size distribution of inclusions in heat-treated material at 873 Kand 2 
hours atO.J, 300 and 1500 MPa as indicated in the legend according to 
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Figure III.23 Size variation of the inclusions corresponding to the most abundant 
inclusions as a function of the external pressure for 873 and 1173 K. 
The size is the mean value of the measurements for 05, 2 and 8 hrs 
duration of heat-treatment. 
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111.4.2 .2 Results of two P-T cycles 
In this~1set of annealing experiments the as-grown material has been subjected to two 
pressure-temperature cycles; (1) heat-treannent for 2 hours at a temperature of 1173 Kand 
pressure of 0.1 MPa and (2) heat-treannent at higher pressures (300 and 1500 MPa) at 
various temperatures and over various times as listed before in Table ill.3. 
Microstructure 
TEM observations have been made on two samples: W 4#7 .1 not showing a significant 
reduction in light scattering (see Section ill.4.1.2) which has been heat-treated during the 
second cycle at 1.5 GPa and 1173 K for 8 hrs and W 4#7. 7 showing the most pronounced 
reduction in light scattering which has been heat-treated at 1.5 GPa and 873 K for 0.5 hr 
s 
during the second cycle. The microstructur~ of the reheated samples which does not show 
4,"-, 
a significant change in light scatterin~not noticeably different from the starting material 
which has been annealed for 2 hours at 1173 K and 0.1 MPa. 
In the material which does show a substantial decrease in light scattering a high density of 
dislocation loops (see Figure ill.25) has been found which have not been observed in the 
sample after the first P-T cycle. The loops vary in size from less than 50 to 500 nm with an 
average diameter of 100 nm, and in general have a Burgers vector l/3<1120>. The sense 
of the dislocation loops, i.e. whether the dislocation represents the edge of an interstitial or 
a vacancy layer, is determined following an analysis procedure as described in detail by 
Edington (1975, pp. 26-28) and shown schematically in Figure III.26. Whether the image 
of a dislocation loop is inside or outside the dislocation itself depends on the sense of the 
rotation of the reflecting planes around the dislocation with respect to the electron beam. 
TEM micrographs have been ta.ken with a positive deviation from the Bragg angle 
corresponding to maximum transmission. The sense of orientation of the dislocation loops 
is determined from the change in the image width with the rotation of the foil. Figure 
ill.27 shows a sequence of bright field images with corresponding diffraction 
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Figure 111.25 TEM micrograph showing newly formed small dislocation loops as a 
result of annealing at 1.5 GP a and 873 K for 0.5 hr of synthetic quartz 
which has previously been heat-treated at 0.1 MPa and 1173 K for 2 
hrs . 
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Figure 111.26 Schematic diagram of procedure for analysis of the sense of dislocation 
loops (after Edington, 1975), showing vacancy and interstitial dislocation 
loops and their image depending on the orientation of the loop plane 
w.r.t. g. 
Figure 111.27 Facing page: Sequence ofTEM micrographs illustrating the presence of 
vacancy loops. Material is first heat-treated at 0.1 MP a 1173 K for 2 hr 
and subsequently annealed for 05 hr at 15 GPa and 873 K. In going 
from micrograph a to b the diffracting plane remains constant (g = 1011) 
but the specimen is rotated, resulting in a dip of the left hand side of the 
micrograph. c) is in approximately the same orientation as b but g has 
changed sign (g =1011 ). TEM micro graphs taken by J. Fitz Gerald, 
RSES, ANU. 
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patterns for different orientation of the foil and for g = 0 T 11 and O 1 TI. Going from left to 
right, the change in orientation of the foil corresponds to positive (right-handed) rotation 
about an axis running from the bottom to the top of the diagram. Several regions of sample 
W4#7.7 have been investigated. In total 53 loops have been analysed of which 41 
correspond with a vacancy type loop and 12 dislocation loops are of the interstitial type. 
Inclusion size and density distribution 
The size and density distribution of the inclusions in a specimen upon reheating at 1.5 GPa 
and 873 K for 0.5 hr after an anneal at 0.1 MPa and 1173 K for 2 hours is shown in 
Figure III.28. As a result of the second anneal the inclusions with a diameter larger than 
100 nm have disappeared and the density of the smaller inclusions seem to have decreased 
slightly when compared with the starting material heat-treated only at 0.1 MPa, 1173 K 
and 2 hrs. 
III.4.2.3 Up-take of copper 
In some heat-treatment experiments the platinum foil wrapped around the specimen did not 
prevent the contact of the sample with the inside of the copper canister, with the result that 
copper was taken up by the crystal, as indicated by a faint, red metallic coloured rim 
around the crystal. It has been observed that the copper particles are lined-up in 
crystallographic directions in bands parallel to the seed and that they are more abundant in 
the 'wetter' bands. In TEM the particles are found to be associated with a tangle of 
dislocations and in some cases an array of punched out dislocation loops can be found 
approximately symmetrically around the copper particle (see Figure III.29). These 
observations suggest that the copper might have diffused into the sample interior at a rate 
of 10-10 to 10-11 m2s-l , possibly through the cores of dislocations, nucleated in the 'wet' 
bands. On the basis of the TEM observations non-diffusive uptake by microcracking and 
crack healing cannot be excluded. However, the samples have been annealed in water-
Section III: Heat-treatment of 'wet' synthetic quartz 
a 
b 
50 
40 
30 
~ 
ui 
C: 
Q> 
Q 20 
10 
0 
W4#6.5-0.1 MPa/1173 K/2 hrs 
n=646 
• type 1 
~ type 2 
D type 3 
~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o 
--NNMM••~~~~~~==mmoo--NNMM••~~~~~~==mmo 
--------------------N 
Diameter [nm) 
W4#7.7-(J.1/1173/2·1.5/873/0.5 so,-----------------;:===~ 
• Type 1 
~ Type 2 
D Type3 
~ 
ui 
C: 
Q> 
40 
30 
0 20 
10 
~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o~o 
--NNMM••~~~~~~==mmoo--NNMM••~~~~~~==mmo 
--------------------N 
Diameter [nm) 
Figure III.28 Histograms of the size distribution of inclusions 
a) after heat-treatment at 0.1 MPa and 1173 Kfor 2 hrs. 
b) after second heat-treatment at 15 GPa and 1173 Kfor 05 hr. 
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Figure III.29 TEM micrograph showing copper particle and punched out dislocation 
loops. (TEM micrograph taken by J. Fitz Gerald, RSES, ANU). 
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filled canisters as described in Section II.2.2.1 which have been successfully employed in 
annealing at high pressure without the introduction of microcracks (see Section II.3) 
lll.4.3 COMPARISON OF TEM AND LIGHT SCATTERING 
The observed size and density distribution of the inclusions can be correlated qualitatively 
with the level of light scattering. With increasing temperature the size range of the 
inclusion population increases and so does the light scanering. Increasing pressure leads to 
fewer large sized inclusions, corresponding to a lower level of the measured light 
scanering. 
However, when using the TEM observations to calculate the expected le':'el of light 
scattering using expression (III.3) and normalizing with respect to the as-grown material, 
there appears to be a large variation when compared with the normalized scattering 
intensity as obtained from the set-up described in Section III.3.3.2 (see Figure III.30). 
This discrepancy is not surprising considering the poor sampling of the low density of 
large objects in the microscope and their relatively large contribution to the light scattering 
(I5-r6). In addition to the random error there appears to be a systematic deviation as well. 
The calculated light-scattering is up to an order of magnitude lower than the measured 
scattering intensity. This can be explained, at least qualitatively, by the error made in the 
assumption of a constant relative refractive index. The inclusions developed as a result of 
the heat-treatment contain a variable amount of water with a density depending on the 
conditions of the anneal. At the ambient conditions under which the light scattering 
observations are made, the inclusions will contain liquid water in equilibrium with water 
vapour, the relative amount of which will be higher for a higher pressure and lower 
temperature anneal. For those conditions which are favourable for a high level of light 
scattering i.e. high temperature and low pressure, the contribution of the interface between 
quartz and water vapour to the scattering can be expected to be the largest Since 
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Figure 111.30 Diagram showing the correlation between the measured level of light 
scattering (horizontal axis) and the expected level of light scattering 
calculated from size distributions obtained from the TEM observations 
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this effect is not accounted for, the calculated value of light scattering from the observed 
inclusion distribution may be expected to be lower than the measured value. In addition to 
this effect, it may also be expected that multiple scattering will increase the measured value 
with respect to the TEM observations. Despite this deviation it can be concluded that the 
TEM observations represent a trend which is consistent with the measured variation in the 
light scattering and are therefore representative of the bulk. 
As has been pointed out before, the level of light scattering is dependent both on the 
density of the inclusions as well as on the size and is therefore not a unique measure of the 
evolution of the inclusion microstructure. However, when using the size distribution as 
observed from the micrographs in interpreting the light scattering, it can be concluded that 
the rapid increase in the first 0.5 hr of heat-treatment is mainly due to the increase of the 
size of some of the inclusions. Furthermore, it can be concluded that the increase of the 
scattering intensity with temperature is due to a combination of an increase in density and 
size of the scattering objects, whereas the effect of pressure and time lies mainly in the 
number density only. 
III.4.4 SUMMARY OF OBSERVATIONS 
From the TEM observations it follows that upon heat-treatment of 'wet' synthetic quartz 
the number-density of inclusions originally present in the as-grown material decreases. 
The strain features (type 2) disappear more rapidly than the inclusions visible due to 
thickness contrast (type 1) and larger sized, stress-free inclusions are formed, consistent 
with the observation of an increase in light scattering. The features of the third category, 
related to inclusions in their early stage of expansion, can be found under nearly all 
conditions of heat-treatment except for 0.1 MPa and 1173 K. 
The TEM and light scattering observations show that the rate of change in the inclusion 
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population is most rapid during heat-treatment at 0.1 MPa and 1173 K. After 0.5 hr of 
heat-treatment there appears to be no significant funher development of the inclusion 
distribution under these conditions. With increasing pressure the change in the 
microstructure is slower. However, the decrease in density of the most abundant 
inclusions for annealing times longer than 0.5 hr. occurs more rapidly at 873 K than at 
1173 K. 
From the TEM it follows that in samples heat-treated at 1.5 GPa and 1173 K the inclusion 
distribution remains peaked around the original most abundant inclusion size of 33 nm for 
an annealing time up to 8 hr. Larger sized inclusions of type 1 are most abundant after 
heat-treatment at low pressure. 
The size of the most frequently occurring inclusions is smaller for a lower applied pressure 
and higher temperature and does not vary with time. The size range does not appear to be 
dependent on the pressure nor does it change after the first 0.5 hr. At 873 K the maximum 
size of the inclusions is 130 nm whereas at 1173 K this value is 200 nm. The smallest 
inclusions observed are a few nm in diameter. Although their density does decrease upon 
heat-treatment, small-sized inclusions are present in all heat-treated samples. 
It has been observed that the light scattering, developed as the result of a heat-treatment at 
0.1 MPa and 1173 K, can be reduced substantially by a second heat-treatment at higher 
pressure. TEM observations on a sample reheated a 1.5 GPa and 873 K reveal a high 
density of dislocation loops of the vacancy type which have not been observed in the 
sample after the first heat-treatment. 
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111.5 DISCUSSION 
In this section the observations on the evolution of inclusions will be firstly compared with 
other reports of the effect of heat-treatment on the incorporation of water in quartz. In the 
second part the observations will be interpreted in terms of ripening models, describing the 
evolution of the inclusion microstructure as presented in the literature and developed more 
specifically for gas inclusions in metals. In the last part of this section it will be discussed 
how the observations further constrain the value of the solubility of water based defects at 
temperature and pressure. 
111.5.1 LITERATURE COMPARISON 
The observations on the evolution of the inclusion microstructure in the heat-treated 
samples are, qualitatively, consistent with other reports on the increase of turbidity or 
microscopical evidence for the presence of large inclusions in combination with 
dislocations (Brunner et al., 1961; Dodd and Fraser, 1967; McLaren and Phakey, 1965, 
1966; Bambauer, 1969; Jones, 1975, 1978; Moriya and Ogawa, 1978; Kekulawala and 
Paterson, 1978; Kekulawala et al., 1981; McLaren et al., 1983; Cordier et al. , 1988). In 
general the increase in light scattering is correlated with a change in the IR spectra, 
providing evidence for the formation of freezable water. 
The mechanism of the formation of clusters in the as-grown material is not well 
understood. Light scattering from as-grown synthetic quartz has also been observed by 
Brown et al. (1952). They found that lowering the growth rate can reduce the light 
scattering: "probably inhibiting the formation of small imperfections". Moriya and Ogawa 
(1978) have mapped a Y-cut plate of as-grown synthetic quartz using laser beam scattering 
tomography and found a one-to-one correlation between the light scattering intensity and 
the infrared absorption coefficient at 350 mm-1. From the published topographs it follows 
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that the degree of light scattering and hence the cluster population, which is presumed to 
give rise to the scattering, does not change as a function of the age of the growth layers but 
varies according to the infrared absorption. This indicates that the formation of the clusters 
is rapid and that under the conditions of growth no further ripening occurs. 
Milkiness has also been observed in single crystals of synthetic quartz which have been 
experimentally deformed at annospheric pressure (Baeta and Ashbee, 1969a, 1970a, 1973; 
Jones, 1975, 1978; Kirby and McCormick, 1979; Kekulawala et al., 1981; Linker and 
Kirby, 1981; Linker et al., 1984; Dou.khan and Trepied, 1985). It has generally been 
suggested that the increase in activation energy of creep (Ayenshu and Ashbee, 1977; Ball 
and Glover, 1979) and yield stress (Doukhan and Trepied, 1985) with increasing 
temperature, as well as the increase in rate of work-hardening (Kirby and McCormick, 
1979), is related to the phase segregation of water from the structure into inclusions where 
the water is "no longer directly available to hydrolyse Si-0 bridges" (Balderman, 1974). It 
should be emphasized however that all materials investigated so far do show some form of 
aggregated water in the as-received crystals. It thus appears to be more appropriate to refer 
to the observation of turbidity as a reflection of the inclusion growth process rather than 
precipitation. The term precipitation refers to the specific process of clustering of 
individual point defects. Whereas there might be part of the water coming from solution, it 
has been observed here that the increase in light scattering reflects the evolution of high 
pressure water inclusions to larger stress free bubbles through a mechanism of climb of 
prismatic dislocation loops. 
Until now, not much attention has been paid to the occurrence of milkiness in crystals 
subjected to an external pressure. However features similar to those observed here in the 
0.1 MPa heat-treated samples are reported by Morrison-Smith et al. (1976), such as 
isolated dislocations connected with a water bubble, referred to by the authors as a dark 
central core. Similar observations have also been reported by Balderman (1974), Jones 
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(1975, 1978) Kekulawala et al. (1981), Maclcwell and Paterson (1985) and Cordier et al. 
( 1988), corresponding to the general trend as has been described here that samples that 
have been at temperature for longer periods and at lower pressures appear to show the 
most turbidity. 
III.5.2 INTERPRETATION 
The growth of gas inclusions in metals has been a major topic in the study of irradiation 
damage in nuclear reactor materials (see for instance Ullmaier, 1983 and Trinkaus, 1983 
for reviews). These studies suggest that an inclusion of water in quartz may grow by one 
or, more likely, a combination of the following processes: (1) local plastic deformation of 
the matrix surrounding the inclusion: nucleation and climb or punching of a dislocation 
loop; (2) collection of point defects: 'dissolved water' defects may precipitate from the 
matrix into the inclusion or redissolve and/or vacancies (Frenkel pairs) may be produced at 
the matrix-inclusion interface or may be obtained from the surrounding matrix; (3) 
cannibalism: the material in small inclusions may re-dissolve and re-precipitate into larger 
ones or inclusions may migrate and coalesce. In the case of metals, these mechanisms have 
received considerable experimental and theoretical attention and the regimes in which they 
are expected to occur are fairly well understood. On the basis of theoretical analyses it may 
be expected that each of these processes has a unique dependence of the mean inclusion 
size on the time (Kaletta, 1983). However, considering that probably more than one 
ripening process is involved in the evolution of inclusions in synthetic quartz and that the 
data do not provide a detailed time record, an interpretation based on such an analysis is 
not considered to be reliable. In this section the above-mentioned mechanisms will be 
discussed in more detail and where possible analysed for the relevance and applicability to 
the evolution of water inclusions in quartz. 
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111.S.2.1 Inclusion growth through local plastic deformation 
From the TEM and light scattering observations it follows that, upon heating, grown-in, 
high pressure clusters disappear rapidly at high temperature and low pressure, and larger 
sized, stress-free bubbles are formed, some of which are attached to a dislocation. 
Although it is difficult to prove from the TEM observations that all larger stress free 
inclusions have evolved through the formation of an interstitial loop, nucleated from a high 
pressure cluster as suggested by McLaren et al. (1983), the observations are consistent 
with such a model. 
The release of a high internal pressure through the nucleation of prismatic dislocations has 
been described in detail by Greenwood et al. (1959, see also Van Swygenhoven and Stals, 
1983). Plastic deformation may either occur by the formation (punching or climbing) of a 
dislocation loop or by the stress induced operation of another dislocation source close to 
the inclusion (eg. Frank-Read source). Ripening by the formation and climb of prismatic 
loops has been observed in 'wet' synthetic quartz by McLaren et al. (1983) and 
investigated in more detail by McLaren et al. (1988) and Cordier et al. (1988) and also in 
berlinite (AlP04), a structural analogue of quartz, by Boulogne et al. (1988). The excess 
pressure required to nucleate a dislocation can be obtained from a consideration of the 
energy dissipation when a dislocation loop (of radius r) is created. The total energy of a 
pressurized inclusion in an isotropic medium is the sum of the free energy of the water, the 
strain energy in the matrix and the surface energy 
~p2y 
Et= µ(T,P)Nw + ~ + yA , (III.10) 
where µ is the chemical potential of the water per molecule, Nw the number of water 
molecules, E the Young's modulus of quartz, A the area of the matrix-water interface, V 
the volume of the inclusion, y the surface energy and ~ a constant depending on the 
geometry of the inclusion (Finnis et al., 1983); for a spheroid with aspect ratio E (defined 
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as the short over the long dimension) 
8(1-v2) P=--
31te 
114 
(ll.11) 
The elastic strain energy of a dislocation loop of radius r (Hirth and Lothe, 1982) is 
rGb2 4r 
Etoop = (ln-- 1) , 
2(1-v) p (IIl.12) 
where p is the radius of the dislocation core which can be approximated by 2b (Hull, 
1975). 
A dislocation loop will be created when the decrease in the free energy of the water plus 
the reduction of the strain energy in the matrix around the inclusion is larger than the 
energy of the loop taken together with the increase in surf ace energy plus the work done 
by increasing the sample volume (i.e. Pe~ V). In a first order approximation it is assumed 
that for a small change in volume the pressure remains constant and the change in the free 
energy of the water (.1.Ewaier) is Pi~ V. The change in the elastic strain energy of the matrix 
is given by: 
PPf~V 
.1.Ematrix = 2E 
and the change in the surface energy as a result of the increase in volume ~ V is: 
2~V 
.1.Esurf = Y dA = Y 3r . 
(lli.13) 
(ID.14) 
For characteristic values of the radius (r) of an inclusion of 20 nm, y = 0.3 Nm-1 (Parks, 
1984), b = 0.5 nm and G = 40 GPa (Carmichael, 1982), it follows that the reduction in 
elastic energy and surface energy are small compared with the change in the free energy of 
the water: 
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~water 2E 
= >> 1 
.1.Ematrix ~(Pi - Pe) (III. 15) 
and 
~water 3(Pi - Pe)r 1 = >> 
'1.Esurf 2y (III.16) 
for a value of (Pi - Pe) of the order of a few GPa. It thus follows that the change in the 
total energy of the inclusion can be approximated by P.1. V. Taking .1. V, the volume 
occupied by the dislocation loop = 1tr2b, the following criterium for dislocation nucleation 
can be derived: 
Gb 4r Pi - Pe> (ln--1). 
21t(l-v) p 
or approximately 
Gb Pi- Pe>-
r 
(III.17) 
(III.18) 
In this approximation the dimension of the dislocation loop is assumed to be of the order 
of the size of the inclusion which is strictly speaking only valid for dislocation loop 
punching. Although there are no observations which could justify this assumption it is 
apparent from the above criteria for dislocation nucleation, that a smaller dimension of the 
dislocation would require a higher pressure and a larger dislocation loop would imply 
nucleation in an area with less stress indicating that the dislocation sources which can be 
most readily activated are those with radius r. 
In order to test the validity of expression (III.17) for dislocation nucleation in quartz the 
pressure in excess of the externally applied pressure in the inclusion under the conditions 
of heat-treatment has been calculated numerically. Substituting the calculated values for the 
pressure difference into expression (ill.17) provides an estimate of a critical size for an 
Section Ill: Evolution of inclusions 116 
inclusion above which a dislocation may be generated. These dimensions will be compared 
with the size distribution from the TEM observations. 
The mathematical approach of the pressure calculation which is described in more detail in 
Appendix A.2, is based on an analytical, linear elastic approximation of the stress-strain 
distribution around a spheroidal inclusion in an otherwise homogeneous and isotropic 
medium, modified after Neuber (1958). In the calculations the pressure and temperature 
are step-wise increased, while allowing the crystal lattice around the inclusion to deform 
elastically as a function of the internal water pressure. 
Neuber (1958, p 88-117) discusses the case of a spheroidal cavity under a tensional stress 
(p) and zero internal pressure which can be modified to obtain a description of a spheroid 
with an internal pressure (Pi) and no externally applied deviatoric stress by taking p=O and 
~ t 
using Pi ~boundary value for the normal stress on the interface. The effect of the external 
pressure can be taken into account by adding the deformation of the matrix as a result of an 
externally applied pressure (Pe) and an equal pressure in the cavity. The total surface 
displacement U as a result of an external pressure Pe and internal pressure Pi is given by 
(equation A.2.11 of Appendix A.2): 
2GUh 
smh(u) 
A 
sinh(u)cosh(u) + 
[ 
cosh(u) 4 J 
B 12 cosh(u)T-l 2 sinh(u) + sinh(u)cosh(u) + 
C [ (2a-2~cosh(u)T - cs~:i~j} - sinh(u)~osh(u) ] 
h( )2Pe(l-a) 
- cos u ' 
4-a 
(III.19) 
where u, v and ware curvi-linear coordinates, G is the shear modulus, a= 2(1-1/v) with 
v the Poisson's ratio and hand Tare functions of u and v (Appendix A.2, equations A.2.4 
and A.2.6 respectively). A, B and C are constants which have to be determined from 
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appropriate boundary conditions for U and Pi. One such condition is obtained from the 
TEM observations from which it follows that the relative displacement U/sinh(u) at the 
surface is approximately 0.02 ± 0.01 (McLaren personal communication, as discussed in 
more detail in Section ill.2.2). In order to find a set of independent equations required for 
the calculation of the constants A, B and C it is sufficient to consider the boundary 
condition that, at the interface between the inclusion and the matrix, the normal stress is 
equal to the internal pressure. 
In calculating the stress and strain distributio{ at elevated temperature and pressure an 
algorithm is used in which the above described calculation for the stress-strain distribution'$ 
is combined with an equation of state of water of the type f(Pi, V*)=O, where V* is the 
molar volume and Pi is the internal pressure. Both Pi and V* can be expressed in terms of 
the parameter u and the equation f(Pi(u),V*(u))=O is solved numerically by the Newton 
#itpar~n1-efn~ 
method (see for instance Ralston, 1965) using u ~ variable. 
Calculations of the internal pressure and stress and strain distribution in the matrix around 
the cluster have been performed for various combinations of temperature and pressure, 
corresponding to the conditions of the heat-treatment experiments as described in 
Section ill.3.2. It follows that the internal pressure, given the boundary condition of the 
relative interface displacement (i.e. 0.02 along the minor axis) as obtained from the TEM 
observations, is fairly sensitive to the aspect ratio (see Figure ill.31). As the aspect ratio of 
the clusters in the as-grown material is not well known this can be considered to be the 
main source of uncertainty in the internal pressure estimate. 
In the calculations the pressure and temperature have been increased simultaneously 
simulating the P-T cycle followed during a heat-treatment experiments as described in 
Section ill.3.2. This implies that, for instance, for an experiment with final run conditions 
of 1.5 GPa and 1173 K, the external pressure at 873 K is less (- 1 GPa) than the applied 
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external pressure at 873 K for a heat-treatment at 1.5 GPa and 873 K. The difference 
between the internal pressure in the inclusion and externally applied pressure has been 
calculated and plotted as a function of the temperature for different combinations of the 
external pressure and temperature according to the P-T cycles during the heat-treatment 
experiments, as shown in Figure ill.32. 
From the approximations of the pressure difference, a critical inclusion size has been 
calculated using expression (ill.17) for a range of P-T path's, simulating the heat-
treatment experiments and plotted as a function of the temperature in Figure ill.33. Also 
shown in Figure III.33 is the inclusion size distribution of the as-grown material with an 
ordinate of arbitrary dimensions. From these graphs it follows that dislocation nucleation 
from the inclusions in this particular synthetic quartz can be expected under all conditions 
of the heat-treatment experiments except for when heat-treated at 1.5 GPa and 873 K. This 
is in good agreement with the observations as described in Section III.4.2.1. A similar 
observation has also been reported by McLaren and Retchford (1969). They did not 
observe an increase in dislocation density in a specimen of 'wet' synthetic quartz heat-
treated by Hobbs (1968) for 1.5 hrs at 863 Kand 1.5 GPa (crystal X-13; containing 2500 
H/106Si, corrected after Morrison-Smith et al., 1976). However, the calculated variation 
of the critical size with P and T is not in every detail consistent with the observations. For 
instance, the TEM observations show that for 1173 K there is no variation in the size of 
the most abundant inclusions with pressure (see Figure ill.23), whereas equation (ill.17) 
predicts that at 1.5 GPa only the large inclusions may nucleate a dislocation. 
Predictions can also be made on the stress state around an inclusion with a low internal 
pressure prior to the onset of a P, T excursion, simulating the heat-treatment experiments 
on material which has been previously annealed at 0.1 MPa, 1173 K for 2 hours as 
described in Section ill.3.2. However, as no exact estimate can be obtained of the surface 
displacement or internal pressure under ambient conditions of these pre-annealed 
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specimens no experimentally based boundary value is available. Assuming a low value for 
the surf ace displacement and ignoring the invalidity of the equation of state of water since 
the water is expected to condense in the low pressure inclusion, it follows that the matrix 
around the inclusion for all temperatures less than or equal to 1173 K and pressures 
higher than 0.1 MPa is in compression. These calculations thus support the idea that 
pressure equilibration through a mechanism of the formation of a dislocation loop of the 
vacancy type is favourable at high pressure and low temperature, qualitatively in agreement 
with the experimental observations as described in Section ill.4.3.3. 
In addition to climb loops being nucleated from high pressure water clusters, loop 
punching has also been observed to occur in quartz from copper particles taken up by the 
crystal during hydrothermal-treatment as has been described in Section ill.4.2.5. It 
appears that in the absence of water dislocation climb is less favourable and that the 
reduction of the excess internal pressure occurs by pencil glide of the dislocation loop. 
This would be consistent with McLaren and Retchford (1969) who suggested that climb is 
greatly enhanced in the presence of water. Alternatively, it could also be argued that a 
stress release mechanism in the form of diffusive transport of silica from the inclusion-
matrix interface to a dislocation loop may not be expected to be as easy in the case of a 
solid copper particle embedded in a quartz matrix as it would be in the case of a water 
inclusion. 
Summarizing this discussion it can be said that nucleation and growth of prismatic 
dislocations as observed by TEM is an important ripening process in the evolution of the 
inclusion microstructure and that the theory describing the relation between the size of the 
inclusion and the pressure difference required for this mechanism to operate is in 
reasonable agreement with the observations. Most importantly, the theory supports the 
observation that dislocation nucleation is less pronounced at higher external pressure. 
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III.5.2.2 Collection of point defects 
In addition to the ripening mechanism described above the size and the internal pressure of 
an inclusion can in general also be modified by the successive collection of single point 
defects from the matrix. U ptalce of silica related defects such as vacancies or the formation 
and migration of self interstitials will cause the cavity to grow and the internal pressure to 
relax. Transport of water-based defects may either lead to an increase or decrease of the 
pressure and/or size of the inclusion depending on whether the matrix is supersaturated or 
undersaturated with water. In general, the growth rate of an inclusion is given by the net 
result of the simultaneous operating diffusion processes, or, following Trinkau~ (1983) 
(Ill.20) 
where Di are the diffusion coefficients and Ci and CiO are the atomic ratios of silica and/or 
water-based defects close to the bubble and in the matrix respectively. 
It was shown in Section ill.2.2 that the majority of the inclusions in the as-grown material 
have a high internal pressure. The TEM observations presented in Section ill.4.2.1, show 
that upon heat-treatment the number of high pressure clusters relative to the number of 
stress-free inclusions in the size range smaller than the critical size for dislocation 
nucleation (as shown in Figure ill.23), decreases with increasing heating time and 
temperature. This indicates that the small inclusions not showing a line-of-no-contrast have 
evolved from clusters by a mechanism other than dislocation nucleation and climb. This 
conclusion is also supported by the observation of a high density of stress free inclusions 
in areas with no visible dislocations, as for instance in material which has been heated at 
1.5 GPa and 873 K for 2 hours (see Figure III.20). The microstructure indicates that 
dislocation nucleation is only just starting and it is thus unlikely that, in these cases, all the 
inclusions have at one stage nucleated a dislocation and that these dislocations have been 
annealed out completely. Pressure reduction could in principle be achieved by trapping of 
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oxygen and silicon vacancies, emission of self-interstitials or dissolution of water into the 
structure. No further evidence can be obtained from the experiments which would allow to 
discriminate between these processes. However, a comparison of the expected equilibrium 
concentration of the above mentioned defects shows that water-based defects are probably 
more abundant than the silica defects. Paterson ( 1986) predicts a solubility in the order of 
several H/106Si. No data are available for the concentration of silicon and oxygen 
vacancies and or interstitials but an average energy of formation of 200 kJ for such defects 
in binary solids and a pre-exponential factor of 100 (Kroger, 1974) gives an atomic ratio in 
the order of lQ-9, three orders of magnitude lower than for 'dissolved water'. 
Although the observations do not provide any quantitative information on the activation 
energy of this diffusion controlled process, it is not unreasonable to assume that the 
pressure reduction mechanism as described above will occur more rapidly at high 
temperature. This will in general lead to a reduction of the driving force for further 
coarsening of the inclusions through other mechanisms such as dislocation nucleation. 
This would then be consistent with the observation that at higher temperature the number 
of smaller sized inclusions is larger than at the lower temperature as has been described in 
Section ill.4.2.1, see also Figure ill.22. 
Following Good.hew (1984) the rate of change of the size of an inclusion as the result of 
the migration and uptake of point defects can be expressed as: 
dr DiCi { ( (~P-2y/r).Q)~ 
-=- 1-exp - T dt r k ' 
(ill.21) 
where Di and Ci are the diffusivity and concentration (expressed as atomic ratio) of point 
defects, .Q the atomic volume, k the Boltzmann constant and & the difference between the 
internal and external pressure. Although no data are available for the diffusion rate of any 
of the above mentioned defects an indication of the relative importance of this process 
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might be obtained by using the data from Dennis (1984) of oxygen diffusion in quanz 
under hychjous conditions (Di= 2.lx1Q-llexp(-139x103fRT m2s-l)). For Ci equal to 
10-s, the expected growth rate of an inclusion of 10 nm radius at 1173 K is IQ-14 ms-1. 
Although the rate of change is not very large, corresponding to less than 10% change in r 
during an 8 hr experiment. a contribution might be expected_ As a result of the high value 
for~ the exponential term is always small and no strong pressure dependence is expected 
apart from the effect of the pressure on the concentration of the point defects. 
111.5.2.3 Cannibalism 
It was argued in Section III.5.2.1 that whether a dislocation will be nucleated or not 
depends both on the size of the inclusion and on the stress distribution around it. 
However, despite the unfavourable conditions for the dislocation nucleation mechanism at 
1.5 GPa and 873 K, it has been observed that the grown-in population of inclusions is 
modified and some dislocation loops attached to bubbles are observed after heating for 8 
hours (see Figure III.22, Section III.4.2.1). It thus appears that at least part of the original 
inclusion population can go through a stage of ripening, as a result of which either the size 
and/or the pressure increase(s) with time in order to satisfy the criteria for plastic 
deformation. The operation of such a process would also be consistent with the observed 
size dependence of the left-over fraction of the grown-in inclusions on the applied 
temperature and pressure (see Figure IIl.23). Any inclusion which evolves above a 
particular dimension, depending on the imposed conditions, will nucleate a dislocation and 
grow into a larger bubble as discussed earlier in Section III.5.2.1. In general, inclusions 
can grow by Ostwald ripening via water re-solution and re-absorption involving transport 
of silica, and by coalescence via migration. 
The migration of an inclusion through a solid can occur by three different diffusion 
processes (Gruber, 1967; Nichols, 1972; Nichols et al., 1975; Greenwood, 1980; 
Goodhew and Tyler, 1982; Kaletta, 1983): (1) diffusion of silica-related defects through 
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the matrix around the inclusion; (2) diffusional transport of silica in the surf ace layer of the 
inclusion: or (3) by transport via the gas phase. In the case of metals, surface diffusion 
appears to be the fastest diffusion mechanism and many experimental studies on ripening 
of gas bubbles are in good agreement with Brownian motion and coalescence 
(Greenwood, 1980; Goodhew, 1983). According to the arguments in Section ill.5.2.1 the 
internal pressure during heat-treannent is probably of the order of 1 GPa. It might thus be 
expected that the amount of quartz dissolved in the water of the inclusion will be 
substantial (Nakamura, 1974), indicating that in the case of synthetic quartz the third 
diffusion mechanism might be dominating. 
As a result of the relatively low density of inclusions, the chance for a coalescence event as 
a result of Brownian motion is very small (Greenwood, 1980). However, the coalescence 
rate is strongly enhanced by the mutual attraction as a result of the strain field around an 
inclusion. The elastic interaction between two inclusions of radius r at distance d, and 
internal pressure P is given by Eshelby (1958) and can be simplified to the following form 
- 2m9 2 
E(d) - Gd6 p . (III.22) 
This process is thus most effective for larger inclusions which are relatively close and have 
a high internal pressure. Taking r = 20 nm, d = 200 nm and P = 1 GPa it follows that the 
driving force oE;ad is in the order of 1()5 e V /m. 
Following Greenwood (1980), the velocity of an inclusion by mechanism (3) under a 
driving force Fis given by the Nernst-Einstein equation: 
oE 
v=B-. (ID.23) 
ad 
The mobility B of a macroscopic particle controlled by volume diffusion is given by 
Nichols et al. (1975): 
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(Ill.24) 
where Dv is the diffusivity of silica in the water phase, ro is the molar volume of silica and 
water at the temperature and pressure, X the solubility of quartz in water (expressed as 
atomic ratio) and Q the volume of the inclusion. Using the above calculated value for 
oE/od, the velocity of a bubble with a radius of 20 run, given a density of 1()20 inclusions 
per m3 at a temperature of 1000 K and internal pressure of 1 GPa, is approximately 
Dv/10 ms-1. This implies that for an inclusion to travel in one hour say 200 run, 
corresponding with the average spacing of inclusions, a diffusivity is required of D= 10-11 
m2/s. This is not an unrealistic value for the transport of silica through a gas phase which 
mainly consists of water. Typical diffusion coefficients for aqueous electrolytes at room 
temperature are of the magnitude of lQ-9 m2/s (Fyfe et al., 1978). 
Of the various processes involved in the transport of an Si()z unit from one side of the 
inclusion to another, such as dissolution, diffusional transport and precipitation it is argued 
by Rimstidt and Barnes (1980) that for temperatures above 600 K, diffusion may be rate 
controlling. It is therefore concluded that the inclusions are mobile and that the elastic 
interaction will probably significantly affect the motion of the inclusions, leading to a high 
frequency of coalescence events. 
An indication of the growth rate by migration and coalescence can be obtained from a very 
simple approach: consider two inclusions of radius r at distance d which migrate towards 
each other at velocity v in time t and coalesce to form a single inclusion with radius r~. 
The growth rate of a large population of inclusions can be approximated by: 
3 
dr _ a (::/2-l)r _ a 0.26r B oE 
dt - d - d ad • 
V 
(ill.25) 
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where d can be obtained from the density estimate (Section ill.2.2), e1E[c)d can be obtained 
from (ill.22), B is given by (ill.24) and a is a geometrical factor. Assuming a is close 
to 1 the expected growth rate is lQ-14 ms·l for an inclusion of 10 nm at T = 873 and p = 
1.5 GP, and dr/dt = 10-13 ms·l for an external pressure of 0.1 MPa. These estimates are 
based on a diffusivity of silica in water of 1 o-9 m2/s (Fyfe, 1978) and an activation energy 
of 60 kJ characteristic for the dissolution of quartz in water (Rimstidt and Barnes, 1980). 
The growth of an inclusion at the expense of another, smaller, inclusion through a 
mechanism of re-dissolution and re-deposition of water-based defects in quartz has been 
considered by Cordier et al. ( 1988). Their discussion is based on a simplification of an 
analysis from Greenwood (1956). The size change of an inclusion is given by: 
(ill.26) 
where r is the radius of an inclusion, <r> is the mean radius of the inclusion population, D 
is the diffusivity and C the concentration of water-based defects in the matrix, Q the 
molecular volume and y the surface energy. 1bis model predicts that the smaller fraction of 
the population is removed more effectively than the larger inclusions. From the 
observation that for all heat-treaonent experiments the smaller sized inclusions (<10 nm) 
are virtually uneffected it is concluded therefore that growth through diffusion of water-
based defects does not play a major role in the ripening process. 
The growth rate of an inclusion by Ostwald ripening can be estimated assuming the 
exchange of water defects at a rate similar to the diffusion of oxygen (Dennis, 1984) and 
using the solubility estimate of (4H)si defects of Paterson (1986) the growth rate of an 
inclusion at 1.5 GPa is in the order of 10-19 ms·l and even slower for a lower value of the 
external pressure; the contribution of this mechanism is thus negligible. 
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III.5.2.4 Inclusion growth-mechanism map 
It follows from the previous discussion that the mechanism by which the evolution of a 
particular inclusion occurs, and at which rate, depends on a number of factors such as 
temperature, the difference between the externally applied pressure and internal pressure, 
as well as the size and density distribution of the inclusions. A convenient way of 
expressing this complex relation is in the form of ~ inclusion growth-mechanism map 
analogous to the deformation mechanism map first introduced by Ashby (1972) as 
suggested by Goodhew (1984). Such a map predicts the instanteneous growth rate of an 
inclusion of a particular size by the dominant mechanism as a function of the temperature . 
. 
The most important sub-df vision of the inclusion growth-mechanism map is based on the 
criterion for dislocation nucleation, as given by expression (Ill.17). For each value of the 
size of an inclusion the critical pressure can be calculated. The corresponding temperature 
is obtained from the numerical calculations described in Appendix A.2. Inclusions which 
are larger than the critical size at a given temperature nucleate a dislocation and the internal 
pressure is released. Further ripening is no longer controlled by the fluid pressure in the 
inclusion and is probably dominated by pipe diffusion (PD). For inclusions which are too 
small to nucleate a dislocation three different processes are operating simultaneously as 
described in the previous Sections ill.6.2.2 and ill.6.2.3 namely point defect collection 
(PC), Ostwald ripening (OR) and bubble migration and coalescence controlled by volume 
diffusion (VD). In order to make an estimate of the contribution of these mechanisms it is 
informative to estimate the expected growth rates and compare them with the required 
. ""*~ growth rate. Consider an inclusion of radius r = 17 nm. Assumin~ ideal gas law and no 
elastic relaxation, an increase of the radius by 2 nm will reduce the internal pressure by a 
factor of 2. For an experiment of 8 hrs, a realistic growth rate is thus of the order of 10·13 
to 10-14 ms-1. A ripening process leading to a much slower growth rate is not expected to 
contribute significantly. Figure ill.34 shows the inclusion mechanism-maps based on 
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Figure 111.34 Inclusion growth-mechanism map showing dominant ripening 
mechanism for a particular homologous temperature (Tm = 1987 K) as a 
function of the inclusion radius r. DNIPD indicates the field 
corresponding to growth by dislocation nucleation and further ripening 
by pipe diffusion. This mechanism is dominant in the top right hand 
corner. The boundary of this field with other ripening mechanisms is 
determined by the critical size for dislocation nucleation which is a 
function of the pressure as indicated for 0.1, 300 MPa and 1.5 GPa. PC 
indicates point defect collection and VD is bubble migration and 
coalescence by volume diffusion. 
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these, admittedly, crude estimates of the growth rate based on the assumptions set out in 
the previous discussions for external pressures of 0.1, 300 and 1500 MPa. 
Summarizing, the observations of the evolution of inclusions in synthetic quanz are 
consistent with a model in which the main coarsening and pressure reduction mechanism is 
the formation of prismatic loops. At low temperature and high pressure this mechanism is 
inhibited and pressure reduction occurs by diffusive exchange of point defects with the 
matrix. Inclusions which are too small to nucleate a dislocation go through a ripening 
phase, probably dominated by coalescence, after which a dislocation may be nucleated and 
the pressure reduced more effectively. 
III.5.3 SOLUBILITY OF WATER IN QUARTZ 
Assuming that all the inclusions present in as-grown material W4 are filled with H20 at a 
pressure of 0.4 GPa (see Appendix A.2), the total water content will be 1200 ± 800 
H/l06Si. This value is consistent with the water content estimated from the infrared 
spectroscopy, i.e. 700 H/l06Si using the calibration of Paterson (1982). Although the 
errors in both these estimates are large it can be concluded that in the wet band of this 
synthetic crystal, the inclusions could well accommodate the total amount of water present, 
consistent with there being relatively little in solid solution under the condition of growth 
(650 Kand 200 MPa). 
It has been observed here that heat-treatment at a temperature up to 1173 K and pressure 
up to 1.5 GPa leads to the formation of large-sized inclusions, indicating that even under 
those conditions the water remains essentially segregated. On the other hand, it could be 
argued that the dislocation nucleation and subsequent growth of an inclusion only occurs 
because of kinetic reasons (i.e. a low diffusivity or solubility or a combination of both) 
and that if time was available the water would dissolve into the lattice. However, if a 
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substantial amount of the water initially present in the clusters does go into solution one 
would expect a decrease of the light scattering with prolonged heating. Although, it might 
well be that a decrease in volume is accompanied by a redistribution of the leftover water 
into larger inclusions which would then lead to an increase in light scattering. Thus, 
although a decrease in light scattering has not been observed, dissolution of some water 
into the lattice can not be ruled out 
It has been observed that upon heat-treatment, the 'dry' band, containing only 100 
H/106Si. also shows an increase in light scattering. Assuming that the TEM observations 
on the 'wet' band are also qualitatively representative of the 'dry' band it can be concluded 
that the increase in light scattering indicates that upon heating at least pan of the water 
remains in inclusions. The water content of 100 H/lo6Si can thus be used as an upper limit 
for the solubility. 
As has been discussed in Section ill.6.2.2, there is some evidence for the reduction of 
pressure by migration and up-take of single point defects at 873 K and 1.5 GPa. The 
theory predicts that for such a mechanism to be effective a point defect density is required 
in the order of lo-4 to 10-s /Si. The observations do not provide any information on the 
nature of this defect but the expected concentration of the relevant defects is the highest for 
water-based point defects. Alternatively, it might also be that the concentration of intrinsic 
defects in the vicinity of the cluster is substantially higher than in unstressed quartz far ff('~ 
away j;Kf' such an ideal source as the interface between the matrix and the water in the 
inclusion. 
Summerizing, although it cannot be ruled out that some water might go into solution, upon 
heat-treatment, the major part of the water remains segregated in inclusions. 
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IV .1 INTRODUCTION 
An attempt has been made to introduce dislocations from high pressure inert gas 
inclusions in a dry synthetic quartz material by irradiation with high energy alpha 
particles. The aim of the experiments is to investigate the hypothesis that water as a 
chemical substance might not have an effect on the plasticity of quartz but that its influence 
may lie only in the provision of easy dislocation nucleation sites. As the experiments have 
not produced any material containing helium inclusions the above mentioned hypothesis 
could not be tested and as such the results and conclusions of this section do not have any 
bearing on the discussion of the implications for the process of water weakening as will 
be presented in Section V. 
The phenomenon of the formation of gas inclusions in materials has been studied 
extensively over the past twenty years because of its importance in the blistering and 
swelling of nuclear reactor materials. For a detailed discussion and recent references see 
Section IIl.5. Radiation damage in quartz is of interest for the production of integrated 
electrical and optical devices (Fischer et al., 1983a, b). These studies have mainly 
focussed on the formation of amorphous centres. The processes of inclusion formation 
and blistering as observed in metals has not been studied in as much detail in ceramic 
materials. However, similar features have been observed by Primak (1963) and Primak 
and Luthra ( 1966). Helium also occurs in natural materials as a daughter product of the 
radioactive decay of uranium. Cluster-like features have been observed in zircons by 
Bursill and McLaren (1966). They also observed that, upon heating, larger sized stress 
free inclusions are formed and that this is associated with an increase in the dislocation 
density and the appearance of turbidity. From these studies it might be expected that noble 
gas atoms, when implanted in the quartz lattice, will cluster and form high pressure 
inclusions which, upon heating, analogues to the water inclusions in wet synthetic quartz, 
may nucleate dislocations to release the internal pressure. 
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In collaboration with Ors. Hal Hay and Peter Treacy of the Department of Nuclear 
Physics of the Research School of Physical Sciences, A.NU, quartz samples have been 
irradiated with alpha particles using the 14 MV Pelletron accelerator of that group. In the 
crystal, the implanted helium nuclei will recombine with electrons and form helium point 
defects. Heavier inen gases such as neon or nitrogen only penetrate a fraction of the 
distance of alpha particles and are therefore not suitable for the synthesis of implanted 
material which can be used for strength tests. In order to obtain an estimate of the effect of 
beam damage on the strength samples have also been irradiated with lithium particles. The 
idea was that due to their physical size lithium atoms might not cluster as rapidly as helium 
and dislocation nucleation upon heating during the deformation experiment would 
therefore be suppressed, while the beam damage of the Li3+ ions is expected to be of the 
same order as that of alpha particles. As the irradiation experiment are aimed at the 
production of potential dislocation nucleation sites which may subsequently be activated in 
a deformation experiment, the ripening of the microstructure during the implantation 
should be kept to a minimum and a high sample temperature should thus be avoided. The 
relatively low momentum of the alpha particles with respect to heavier ions may also cause 
less beam damage such as amorphization. 
In the second pan of this section the experimental configuration of the irradiation 
experiments will be discussed and the theoretical background required for the choice of 
the irradiation parameters will be summarized. Then the results of the irradiation and 
deformation experiments will be presented. In the final pan the results will be analysed. 
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IV.2 EXPERIMENTAL DETAILS 
IV.2.1 SAMPLE MATERIAL AND PREPARATION 
The sample material used for the irradiation experiments was taken from the z-growth 
region of synthetic quartz SRI which has been described in more detail in Section II.2.1. 
Cracking of the samples during the irradiation event has been a serious problem and great 
care was taken to reduce the amount of surface damage resulting from sample preparation. 
A variety of combinations of sample preparation techniques and dimensions of the sample 
were used in order to find a suitable approach. 
Samples were cored using a high speed diamond drill and cut with a diamond wire saw. 
The orientation of the disk-shaped samples was in the Q+-orientation. This orientation is 
favourable for the activation of slip systems with both a- and c-type Burgers vectors. For 
a summary of the experiments and the variety of applied preparation techniques see 
~ 
Table IV.l. The end surfaces of some samples were polished with alumina griJ down to 
0.05 µm particle and others were polished and etched with concentrated hydrofluoric acid. 
In order to remove the damaged layer resulting from the coring process, a batch of 5 mm 
cores, drilled with a standard diamond coring drill, were gently machined to 3 mm 
diameter on a high speed lathe using a diamond compound grinding wheel on a toolpost-
grinder (17000 r.p.m) and Diaflo cutting compound. Before slicing the core with a high 
speed diamond wheel (0.15 mm thickness) mounted on the tool-post, the cylindrical 
surface was polished with diamond paste (14, 8, 1, and 0.1 µm). The end surfaces of the 
disks were lapped with alumina powder (5, 1 and 0.05 µm). Further treatment of some of 
the samples consisted of annealing at 1173 K for 14 hrs in a muffle furnace in air as 
indicated in Table IV.1. To prevent the build-up of charge concentrations, all samples 
were coated with a carbon film of a thickness twice that normally used for TEM samples. 
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SAMPLE# d M p E A D R X s I C COM1'IDIT 
SR#6.l 7 - + - - 0.6 0.01 300 He 100 + edge chipped 
SR#6.2 7 - + - - 0.6 0.01 275 He 300 + radial cracks 
SR#6.3 7 - + - - 0.1 0.2 100 He 200 + radial cracks 
SR#6.4 7 - + - - 0.5 1.11 100 He 250 + radial cracks 
SR#7.1 3 + + - - 0.55 0.1 100 He 250 - -
SR#7.2 3 + + + + 0.5 0.08 500 He 250 + small fragmt 
SR#7.3 3 + + + + 0.52 0.01 500 He 250 + asymmeaic 
SR#7.4 3 + + + + 0.5 0.02 500 He 50 - -
SR#7.5 3 + + - - 0.45 0.25 100 He 100 + -
SR#7.6 3 + + + + 0.45 0.25 100 He 50 + radial cracks 
SR#7.7 3 + + - - 0.5 0.01 500 He 100 - thermocouple 
continued 3 + + - - 0.5 0.9 100 He 100 - thermocouple 
SR#7.10 3 + + + + 0.5 1.0 100 Li 60 - heat.sink 
SR#7.11 3 + + + + 0.5 1.0 100 Li 60 - heat-sink 
Table IV.1 List of helium implantation experiments, sample preparation procedures 
followed and experimental parameters; d sample diameter [mm], M : + 
indicates machined, - indicates cored only, P: + indicates sample surface 
polished, E: + indicates sample etched, A: + indicates sample annealed, D 
is mean depth of irradiation in [mm], R is the width of the distribution 
[mm], X is the calculated concentration in the layer of thickness R 
expressed as particles/ I ()6 Si , S is the implanted ion, I is the current in 
[nA}, C: + indicates the occurrence of cracks in the sample. 
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IV.2.2 IRRADIATION EXPERIMENT 
IV .2.2.1 Set-up 
Samples were irradiated using the 14 UD Pelletron particle accelerator in the Department 
of Nuclear Physics of the ANU. For a detailed description of the apparatus see Ophel et 
al. (1974) and Ophel (1976). The maximum voltage which can be generated in the 
accelerator is approximately 14 MV. From the ion source He- ions, with an energy of 300 
keV, are accelerated to an energy level of 14 MeV. Then the ions are stripped from their 
electrons by passing through a carbon film, forming He2+ ions. The alpha particles are 
then again accelerated over 14 MV, bringing the total energy to a level of 42 Me V ( + 300 
ke V). The maximum output current of the helium-ion source is limited to approximately 1 
µA, only a fraction of which ~finally reaches the target Depending on the alignment 
and focussing of the beam, a maximum beam current could be achieved of 500 nA. In 
order to prevent contamination of the beam lines and to minimize the radiation hazard the 
sample was irradiated in the undeflected beam position at the bottom of the accelerator 
tube, outside the normal target area. The arrangement of the sample holder and isolation 
valve is given in Figure IV.I. 
The flux of alpha particles and thus the expected concentration of helium atoms in the 
crystal can be estimated from a measurement of the current through the sample. In order to 
control the density distribution of the particles in the beam and to avoid excessive 
irradiation of the sample holder, the beam is stopped down with a 3 mm diameter tantalum 
collimator. During irradiation the beam is defocussed until the current through the lower 
Faraday cup, i.e through the sample, approximately matches the current of the beam 
hitting the collimator plate. As the density distribution of the alpha particles in the beam 
can be approximated by a Gaussian distribution this configuration provides a relatively 
homogeneous radial distribution of the helium defects in the sample 
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Figure IV.I 
Isolation valve----"-'•• 
. 
• . 
. 
• 
. 
• . 
. 
• . 
aluminium stopping foils . 
-r-1 ""6.=1ZZ2A 
sample 
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Schematic diagram of the sample position and holder. The middle pipe 
section is electrically insulated from the upper and lower half of the 
assembly to allow measurement of the beam current into the sample and 
the collimator. 
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IV .2.2.2 Theoretical background 
In order to establish a 'homogeneous' helium distribution the terminal voltage of the 
accelerator may be varied step wise down from 14 MV. The construction of the 
accelerator does not allow for an unlimited decrease in the terminal voltage without the 
requirement of shorting out particular segments of the apparatus. As this procedure is not 
a routine job, the energy of the beam hitting the sample may be reduced in larger steps by 
the insertion of aluminium stopping foils. The energy of the beam and the duration of each 
step are calculated from polynomial fits of the penetration depth and density distribution 
curves of helium in amorphous silicon, oxygen and aluminium which have been obtained 
from Littmark and Ziegler (1980). 
The mean depth at which the helium particles come to a rest as a result of the interaction 
with the quartz can be approximated by averaging the penetration depth data for oxygen 
and silicon, weighted by the element's stoichiometry (Thompson and Mackintosh, 1971; 
Baglin and Ziegler, 1974; Feng et al., 1974). Figure IV.2. shows the calculated ion depth 
as a function of the beam energy for silica. A similar curve for aluminium can be obtained 
directly from Littmark and Ziegler (1980). The accuracy of the range data from Littmark 
and Ziegler (1980) is within 10% for energies above 4 MeV and increasing to less then 
20% for a level of the energy down to 0.4 Me V. 
Because there is a whole spectrum of collision events of the alpha particles with the target 
material, the range of a beam is in fact a distribution. The longitudinal straggling, defined 
as the square-root of the standard deviation of the final implanted depth distribution in the 
direction of the beam was also obtained from the data from Littmark and Ziegler (1980), 
again using the Bragg rule to average the silicon and oxygen contribution. For shallow 
penetration in the quartz crystal the beam energy is reduced by aluminium stopping foils. 
The total straggling can then be calculated by taking the convolution of the straggling in 
the quartz sample with that in the aluminium foil. According to Littmark and Ziegler 
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Figure IV.2 Depth penetration of alpha particles into silica as a function of the beam 
energy. Calculated from Ziegler ( 1977). 
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(1980), the straggling data have to be treated with care as no accuracies can be given, 
since it is based on only few experimental data. 
The criterion used for the calculation of the size of the energy steps and the duration at that 
particular energy level is that the distributions of two successive irradiation steps should 
give sufficient overlap so that the concentration of deposited helium ions does not vary by 
more than a factor two, as shown schematically in Figure IV.3. A typical sequence of 
irradiation steps at different levels of the beam energy and total helium collected is shown 
in Figure IV .4. 
IV. 2. 3 TEMPERATURE MEASUREMENT 
In order to obtain an indication of the temperature distribution over the sample and 
variation with time during the irradiation, a sample holder was modified by adding two 
thermocouples. Both thermocouples are in contact with the surface of the crystal and 
thermally and electrically insulated from the sample mount it self. A good heat-path 
between the sample and the thermocouple junction was established with a small amount of 
colloidal silver. One thermocouple was attached to the circumference and the other to the 
rear surface of the sample. 
An indication of the expected stationary temperature distribution was obtained from a 
numerical solution of the differential thermal equation. Taking the sample as an infinite 
slab and assuming no radiative heat loss as well as ~no resistance to heat flow between 
the sample and the sample holder, the equation to be solved is given by: 
i/lC(T) oT)= H, 
oz\ oz (IV.I) 
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where K(T) is the thermal conductivity as a function of the temperature and H is the 
amount of heat produced by the alpha particles. A function for the heat conductivity was 
obtained from a polynomial fit to the data from the literature (Weast, 1987; Hellwege, 
1982). Under the assumption that all the energy loss of the alpha particles is converted 
into heat, H can be calculated from the stopping power functions for silicon and oxygen 
-r~;t:9 /od. of 
given by Ziegler (1977). The assumptions ~hape and ae;..radiative heat loss will lead 
to an overestimate of the temperature which can thus be considered as an upper level of 
the expected temperature of the sample during irradiation. The temperature distribution for 
a beam of 40 MeV and a current of 100 nA is shown in figure IV.5. with the T = 310 K 
at z = 1 mm as boundary value. The maximum expected temperature for a beam current 
of 300 nA is approximately 850 K, which is still below the temperature at which 
significant ripening of the microstructure may be expected when compared with wet 
synthetic quartz. It thus follows that the conductivity of quartz under these conditions is 
sufficiently fast and provided there is a good conductive heat path between the sample and 
the holder no high temperatures are expected. 
IV.2.4 DEFORMATION EXPERIMENTS 
Deformation experiments were carried out in a constant load creep apparatus designed by 
Dr. Stephen Cox. A detailed description of the apparatus can be found in Cox (1986). The 
temperature is controlled by a Eurotherm controller with an accuracy of 2 K. The 
temperature gradient was very low and less than 0.2 K/mm. The temperature during the 
experiments was raised and lowered manually at a rate of 5 K/ min. The load on• the 
sample was applied through a lever system. The maximum mass used to apply force to the 
specimen is 180 kg, providing an axial stress of 250 MPa on a sample of 3 mm diameter. 
During the deformation experiment the specimen chamber was flushed with special-grade 
argon gas. All samples were deformed at a temperature of 973 K. 
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IV.3 OBSERVATIONS 
The experiments and some of the results are summarized in Table IV.l. 
IV.3.1 RADIOACTIVITY AFfER IRRADIATION 
The level of radio-activity induced in the quartz sample was never a significant problem. 
Within the first 30 minutes after the irradiation the radiation level of the sample plus 
aluminium holder dropped from 500 to 50 m.Rem/hr, which was considered to be low 
enough to change a sample or insert a stopping foil. Within 5 days this level dropped to 
less than 0.1 m.Rem/hr, the limit of detectability of the sensor. During handling of the 
sample and holder a finger badge was worn and the recorded dose was 20 m.Rem. On the 
body 20 m.Rem of y-rays, 77 m.Rem of ~-rays and 12 m.Rem of x-rays were recorded. 
The local safety limit (A.C.T. Radiation Ordinance, 1983) advices a dose equivalent limit 
of 5 Rem/year and a limit on the reportable dose of 200 m.Rem/month. 
IV.3.2 CRACKING OF THE SPECIMEN 
As can be seen from Table IV.1 cracking occurred in most of the irradiated samples, 
apparently unrelated to the sample preparation, duration, beam current and/or dose. In 
order to check the influence of the transient effect of the beam on the crystal, sample 
SR1#7.7 was subjected to a rapidly varying current by means of a beam stopper at the 
low energy side of the accelerator. This treatment did, however, not lead to cracking of 
the sample. The temperature variation as measured by the thermocouples attached to the 
sample indicated only a fairly slow response to the irradiation. The increase in temperature 
of the rear surface of the sample was only 30 degrees and at the circumference even less 
"" ~'ft} 15 degrees. In order to check the effect of a better thermal contact between the sample 
and the sample holder, further experiments have been performed with the sample "glued" 
with colloidal silver to the holder and no cracking occurred. 
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IV.3.3 LIGHT SCATTERING 
Analogous to the occurrence of turbidity in heat-treated wet synthetic quanz as well as 
helium-containing natural zircon (Bursill and McLaren, 1966) it may be expected that 
large sized helium-containing inclusions will be formed in the irradiated material upon 
heat-treatment. A fragment of sample SR1#6.2, containing part of the centre which has 
been implanted with a nominal helium concentration of 300 He/106Si, has been heat-
treated at 1173 K for 2 hours. However, this anneal did not lead to an observable amount 
of light scattering as analysed with the laser set-up described in Section ID.3.3.2. 
IV .3.4 MICROSCOPY 
The microstructure of sample SRl #7 .4, containing 500 He/106Si, has been investigated 
after the irradiation and after several heat-treatment events. Ordinary transmitted light, 
optical microscopy does not show any sign of beam damage, and the thin section is 
indistinguishable from the untreated material. The sample was investigated by Dr. Alex 
McLaren for the occurence of beam damage and or presence of inclusions at a 
magnification of 50,000x, using a Philips-430 transmission electron microscope 
(Mineralogy Research Centre, ANU). No features which could indicate the formation of 
clusters, nor any sign of amorphization, could be found. Heat-treatment of the TEM foil 
(which was not glued to a support of any kind) was done at 523 K, 673 Kand 773 K for 
24 hrs. TEM observations after each of these heating steps did not reveal any change in 
the microstructure and no inclusions were observed. 
IV .3.5 MASS SPECTROMETRY 
Sample SR1#7.6 has been analysed on helium content using a mass spectrometer 
dedicated for the detecnon of noble gasses, by Dr. Peter Zeitler (Research Fellow at the 
RSES). The amount of helium in the analysed fragments (5.28 mg) was predicted to be of 
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the order of 7x1Q-8 mol, which is slightly lower than the saturation level of the mass 
spectrometer. During the measurements the sample temperature in the spectrometer was 
step-wise increased up to, 2000 K, slightly higher than the melting temperature of quartz. 
Although the sensitivity of the experiment is as good as 5x 10-14 mol, no helium could be 
detected in the irradiated sample. 
IV.3.6 DEFORMATION BEHAVIOUR 
Constant load deformation tests have been performed on three different specimens. The 
temperature during the experiments was 973 K and the axial load 250 MPa. In order to 
obtain an idea of the influence of the sample geometry on the creep behaviour a sample of 
the 'wet' band of synthetic quartz W 4 was deformed. Approximately 2% strain was 
obtained over 24 hours. Deformation experiments on the as-received material and 
irradiated sample SR1#7.7 did not show any macroscopic sign of permanent strain, the 
creep curves were indistinguishable from one another. 
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IV.4 DISCUSSION 
Although the results of these experiments so-far have not provided the easy dislocation 
sources as expected, some valuable conclusions can be obtained from the observations 
described above. 
Firstly, it can be concluded that the irradiation experiments are feasible as far as the 
radiation hazard is concerned. The radiation sensitive badge, worn during the 
experiments, did not reveal any significant amount of radiation. The half-life time of the 
radioactive elements produced in the sample material is in the order of a few days and 
less. 
It appears that cracking of the specimen during the irradiation can be suppressed 
sufficiently by providing a good conductive path between the sample and a heatsink. In 
the case of the uncracked samples SR 1 #7 .7, 10 and 11 the wire of the thermocouples in 
combination with the colloidal silver probably provide a better heat-path than only the 
spring loaded contact between sample and aluminium holder as was the case in all other 
experiments. The relatively low values for the temperature measured during the irradiation 
of sample SR1#7.7 of only 300 to 320 Kare in agreement with the calculated temperature 
distribution in the sample as discussed before. It might well be that, in the absence of a 
good conductive path, cracking has occurred as a result of the sample going through the 
cx-f3 transition, which is only at 846 K. 
Why none of the above described analytical methods, the microscopy, light scattering and 
mass spectrometry, could detect any helium or related microstructures is, the least to say, 
not fully understood. From the fact that the sample is radioactive after the irradiation and 
some of the samples have cracked it can safely be assumed that the beam of alpha particles 
must have hit the sample. All methods used so far in analysing the effects of the 
irradiation are in principle sufficiently sensitive to justify the conclusion that these samples 
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do not contain any helium or related microstructure. Thus, there remains the possibility 
that the helium might have diffused out otf,the crystal during the irradiation event 
Funlc et al. ( 1971) have estimated the activation energy for diffusion of helium in quartz at 
approximately 60.103 J/mol. From the data presented by Funlc et al. (1971 ) the pre-
lJ! 
exponential factor, Do is estimated at 10-12 m2/s. However this estimate has to/ttreated 
with care as a number of assumptions had to be made by Funk et al. in converting the 
observations into absolute values of the amount of helium released ~ the sample. 
Alternatively, an estimate of the diffusive transport may be obtained from a comparison 
with hydrogen under the conditions of irradiation, i.e. at a temperature of 600 K. The 
diffusivity of hydrogen at 600 K is of the order of 10-14 m2s-1 (eg. Kats 1962; 
Kronenberg et al. 1986). Talcing the above values for helium or hydrogen transport it is 
clear that during the irradiation event (say 24 hrs) the helium may only have diffused out 
of a 10 to 30 µm thick layer and it is thus concluded that, on the basis of these 
considerations, most of the helium cannot have diffused out the sample. 
In the absence of more accurate data on the diffusion properties of helium in quartz no 
definitive conclusions can be drawn and the preliminary results obtained from the 
irradiation experiments remain, unfortunately, a mystery. 
V. IMPLICATIONS FOR 
WATER WEAKENING 
page clii 
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V.1 INTRODUCTION 
In this section various aspects of plastic deformation, such as dislocation density and 
dislocation glide and climb mobility will be considered in the light of the latest discoveries 
on the occurrence of water in quanz. In addition, an alternative model for the effect of 
water on the plasticity of quartz will be presented. This alternative view on water 
weakening is, without any doubt, the result of the many discussions I have had with 
Prof. Mervyn Paterson, Dr. Alex McLaren and Dr. John Fitz Gerald. Although it is not 
possible to fully reconstruct the cross-fertilization of the ideas coming from the research 
programs on quanz as conducted simultaneously at the RSES, due reference to these 
investigators is made where required. In the final part of this section a summary of the 
experimental observations and the main conclusions of this thesis will be given. 
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V.2 PLASTICITY OF 'WET' QUARTZ 
Plastic deformation of single crystals in general occurs by the migration of lattice defects 
such as vacancies or interstitials and dislocations. The deformation rate of a crystal by 
dislocation slip is described by the Orowan equation, 
. 
E~ b.p.v, (V.1) 
where b is the length of the Burgers vector of the operating slip system, p is the density 
of the mobile dislocations and v is the velocity of the dislocation. Depending on the 
material properties relative to the imposed deformation conditions, a dislocation can either 
slip in one particular glide plane by the migration of kinks along the dislocation line, climb 
out of this plane by the formation of jogs or cross slip into another glide plane also 
containing the Burgers vector of the dislocation involved. In this section the possible 
effect of water on these aspects of plasticity will be discussed. 
Based on the conclusion that the amount of water in solid solution in quartz is low, in 
combination with the finding that diffusive uptake is small, as discussed in detail in 
Section Il.4 and ill.5.3, it is suggested that the ~dissolved water might play a key role in 
the water-weakening phenomenon. Of the many aspects related to the evolution of the 
water-containing inclusions it has been proposed that the spacing between the water 
reservoirs (see also Paterson and Kekulawala, 1979; Doukhan and Trepied, 1985; 
Cordier et al., 1988 and Paterson, 1988), the chemical potential of the water (Gerretsen, 
1985, unpublished report, and Paterson, 1988) and the dislocation microstructure prior to 
the onset of deformation (Gerretsen et al., 1988; McLaren et al., 1988; Fitz Gerald et al., 
1988) are aspects which potentially could dominate water weakening. 
No specific deformation experiments, aimed at an investigation of the effect of heat-
treatment on the strength of this particular crystal W4, have been performed. However, 
Section V: W~ter weakening 156 
the apparent similarity in the development of fluid inclusions in a range of synthetic quartz 
crystals, as has been demonstrated in Section ill.6.1, justifies a more detailed comparison 
of the results obtained from the heat-treannent experiments on the W4 crystal with studies 
on the relation between annealing and the strength behaviour of a different material, Wl, 
by Kekulawala (1978) and reported in detail by Kekulawala et al. (1978, 1981) and 
Paterson and Kekulawala (1979). Thus, assuming that the evolution of the inclusion 
microstructure of the W4 crystal investigated here, will be, qualitatively, the same as in 
the material Wl, the strength behaviour will be compared to the observations on the 
evolution of the fluid inclusions. 
V.2.1 DISLOCATION MOBILITY 
V. 2 .1.1 Effect of the distance between reservoirs on the strength 
The mobility of a dislocation in quartz is dependent on the ease with which Si-0 bonds in 
the dislocation core can be broken and restored. Griggs (1967) postulated that the effect 
of water on the glide mobility may lie in the reduction of the Peierls stress by the 
hydrolysis reaction of Si-0-Si + H20 = Si-OH .. HO-Si. The idea is that the much weaker 
hydrogen bond would allow the dislocation to glide more readily. McLaren and Retchford 
(1969) argued, alternatively, that the effect of water lies mainly in an enhancement of the 
climb rate of the dislocations. Paterson (1988) argued that the these mechanisms are both 
valid but in different regimes of temperature and deformation. Based on the observation 
that the amount of water in the structure is low and accepting the hypothesis that water is 
required for the breaking of silicon-oxygen bonds in order to allow a kink or a jog to 
migrate along a dislocation, it could be expected that the spacing of the water reservoirs 
might control the time required for a weakening species to travel from a reservoir to the 
expanding part of a dislocation, hence the density of inclusions might be of influence on 
the strength. Kekulawala et al. (1978) found that the strength (taken at 1.5 % strain), as 
determined at 1073 K and under confining pressure of 300 MPa, increases with 
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increasing duration of heat-treatment at atmospheric pressure and 1173 K, as shown in 
Figure V .1. It was found here that the size and density distribution of the inclusions has 
changed substantially within the first 0.5 hr and that there is no significant funher 
development of this distribution with increasing duration of the heat-treatment up to 8 hrs. 
Kekulawala et al. (1981) found that for much longer anneals, up to 90 hrs, the density of 
the larger sized bubbles increases slowly and some new smaller sized bubbles appear. It 
can thus be concluded that the strength does not appear to be proportional to the distance 
between the inclusions. This conclusion is further supported by another set of 
experiments in which Kekulawala et al. (1981) determint the strength (at 1073 K under 
confining pressure of 300 MPa) after a heat-treatment at a confining pressures ranging 
from 0.1 to 300 MPa for 10 hrs at 1173 K (see Figure V.2). They observed that the 
increase of pressure during the anneal prevents the strengthening otherwise observed 
when heat-treated at atmospheric pressure. It has been observed in this study that the 
density of bubbles decreases with increasing pressure, again indicating that the idea that 
the strength might be dependent on the distance between the reservoirs alone is 
inconsistent with the microstructural observations. 
V. 2 .1. 2 Effect of the chemical potential of the water in the reservoirs. 
Following Griggs' hypothesis that water has an effect on the glide velocity of 
dislocations, it might be expected that the chemical potential of water inside the reservoirs, 
providing the driving force for transport of water-related defects from the inclusion to the 
expanding dislocation, might be an important parameter in controlling the plasticity. The 
observed effect of the annealing pressure on the strength as mentioned above, as well as 
the so-called re-weakening experiments of Kekulawala et al. (1981), in which they 
observe that crystals which have developed a higher strength as the result of a heat-
treatment at 0.1 MPa can be made weaker when annealed at 300 MPa, are in favour of 
such a model. 
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However, it has been shown here that the growth and also shrinkage of inclusions by 
dislocation nucleation and growth occurs rapidly in less than 0.5 hr, and it might therefore 
be expected that the internal pressure of the water reservoirs will equilibrate rapidly, 
during the change of externally applied confining pressure and/or temperature conditions 
when the inclusion is attached to a dislocation or when a dislocation can be nucleated. It 
has been shown by McLaren et al. (1988) that plastic deformation of 'wet' synthetic 
quartz occurs predominantly by dislocations which are nucleated from the high pressure 
clusters and it might thus be expected that those dislocations which are involved in the 
deformation are attached to water reservoirs which have an internal pressure which is 
approximately equal to the external pressure (surface tension effects can be neglected for 
these large inclusions). An indication of the effect of the water fugacity in the inclusions 
on the concentration of defects in the dislocation core may be obtained as follows:-
The partitioning of water between a reservoir and the dislocation core can be calculated 
from Heggie and Jones (1986) and Paterson (1986). In order to estimate the partitioning 
one needs to know the energy of a hydroiised Si-0 bond in a dislocation compared to a 
non-hydrolised bond, with the water in a reservoir at a certain water fugacity. Heggie and 
Jones calculated the reduction of the energy of a straight dislocation and double kinks 
with a hydrolised bond by comparing it with a similar defect far away from the 
dislocation. Paterson has made an estimate of the solid state solution of various water 
based defects in quartz based on thermodynamical data from hydrogamets. Hagon et al. 
(1987) have investigated the case of a single interstitial water defect in the c-axis channels. 
An indirect estimate of the fugacity dependence of the amount of water in a dislocation 
core can be obtained by the following calculation: 
Step 1: take a water molecule from a reservoir at pressure and temperature and put 
it in the structure (the details of which are given by Paterson, 1986 and Hagon et al., 
1987). 
Step 2: take this defect from the structure and put it in a straight dislocation (the 
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details of which are given by Heggie and Jones, 1986). 
1bis will then give a dependence of the activity of hydrolised defects on the water fugacity 
in a reservoir. In the case of a (4H)si defect this process can be described by the 
---following two reactions: ~ ( rt Lt0g. ).s, 02.. 
. (;1" Oz).Jt"O,. . 
~20 ~servoir + S1(h crystal~ ~(4 Risi + S1(h surface 
.$,1%~f1.~i-O-Si&s1 + Si(h surface ~?Si-OH-HO-Si&sl + Si(h crystal 
1: 
2: 
1 +2: ').820 reservoir +l Si-0-Si&sl ~ l.Si-OH··· HO-Sidisl . (III.30) 
Law of Mass action applied to (III.30) gives: 
(III.31) 
where .1G0 is the Gibbs energy of the reaction and a and f the activity and the fugacity of 
the components respectively . .1G0 is given by: 
.1G0 = I I~. OH OH s· - µ0H-/\ - µ0s· 0 s· 
~1- ·• • • •dislocation zv •· · I.dislocation 
0 0 0 
= µ(4H)s; - µHi) - µSi-O -Si1attice + 
0 0 0 0 
µSi-OH···OH-Sidislocation + µ Si-0-Sitattice- µ Si-0-Sidislocation - µ (4H)s; (III.32) 
or for a low concentration (x) of defects 
(III.33) 
and thus using (III.30) 
.1G0 (1+2) = .1G0 (1) + .1G0 (2) (ID.34) 
Or in words; the energy of formation of a hydrolised dislocation bond, taking water from 
a free water source, is the sum of the energy of formation of a single defect plus the 
reduction in energy of a hydrolised bond with the water taken from solid solution. Taking 
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~G(l) = 1.4 eV (for 1173 Kand 0.1 MPa; Paterson, 1986) and ~G(2) = -1.5 eV 
(Heggie and Jones, 1986) the Gibbs energy of formation of the hydrolised bond in the 
dislocation is -0.1 eV. The implication of this, admittedly small, negative value for the 
Gibbs energy is that water is expected to be in a energetically lower state when forming a 
hydrolised Si-0 bond than when free in a reservoir. Although expression III.33 is only 
valid for ideal solution these calculations suggest that the solubility of water in the 
dislocation core is high and probably not very sensitive to the water fugacity. 
This calculation of the partitioning of water between reservoirs and the dislocation core is 
consistent with the observation by McLaren et al. (1988) that in a deformed 'wet' 
synthetic quartz with an extremely high dislocation density (1Ql4 m-2), no fluid inclusions 
can be observed. Annealing of this material for only 2 hrs at 873 K reduces the 
dislocation density by more than an order of magnitude and newly formed water bubbles 
can be found This indicates that the water has a great affinity for the dislocations. 
Additional information can be obtained from the published plastic behaviour for different 
pressures in comparison with the chemical potential of a pure water phase at that pressure. 
Baeta and Ashbee (1970a) and Doukhan and Trepied (1985) have performed constant 
straip rate experiments at atmospheric pressure, many stress-strain curves have been 
published for the intermediate pressures (Hobbs et al., 1972; Morrison-Smith et al. , 
1976; Kekulawala et al., 1981) and Hobbs (1968) and Blacic (1971) have done some 
experiments at 1.5 GPa. Although these deformation experiments have been performed 
on crystals with a range in water contents, a companson of the plastic strength can be 
justified by the following arguments; firstly, McLaren et al. (1988) show from a 
compilation of experimental data that the yield stress of 'wet' synthetic quartz at 300 MPa 
is not dependent on the bulk water content and, secondly, although there is a dependence 
of the recovery rate on the bulk water content, no significant work hardening is observed 
at temperatures above approximately 1000 K. From a comparison of the above-mentioned 
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experimental observations (for 1173 K and strain-rate of 10-s s-1; see Figure V .3) it 
follows that all samples have a flow stress less than 200 MPa and that those deformed at 
300 MPa are slightly weaker down to a stress level of 50 l\1Pa. The fugacities of water at 
0.1 MPa and 300 l\1Pa are close to the magnitude of the confining pressure whereas at 1.5 
GPa the water fugacity is 4.5 GPa. It is clear that there is no correlation between the 
externally applied pressure and the plasticity and it has to be concluded that water 
weakening is not expected to be related to the chemical potential of the water in the 
reservoirs. 
V .2.1.3 Work-hardening 
Although the comparison of the observed inclusion microstructure with published plastic 
behaviour presented so far does not support the hypothesis of Griggs that dislocation 
mobility is facilitated by the presence of water, there appear to be a number of 
observations which support the idea of an enhancement of climb related processes in 
'wet' quartz. According to McLaren and Retchford (1969), the concept of the "hydrolytic 
weakening temperature" presented by Griggs and Blacic (1965), represents, in fact, the 
onset of recovery. Doukhan and Trepied (1985 show from TEM observations that in the 
absence of water, dislocations are constrained to low index crystallographic directions and 
cross slip might occur (see also Fitz Gerald et al., 1988). In principle the effect of water 
on the recovery rate may either lie in the mobility of defects or in the concentration of 
silica and oxygen-related point defects. Doukhan and Trepied (1985) have suggested a 
model in which they explain the high climb-rate through the availability of point defects in 
the form of the walls of the inclusions; carrying the implication that water as such might 
not be an essential ingredient in the recovery process. 
The dependence of the workhardening-rate (i.e. the slope of the stress-strain curve) on the 
total water content, as can be obtained for instance from the data published by Hobbs et 
al. (1972; see also McLaren et al., 1988), might also be interpreted as an effect of the 
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water on climb related processes. However, the macroscopic observation that 
workhardening is less pronounced in those crystals containing more water does not 
necessarily imply that recovery is enhanced, it may only indicate that the mobile 
dislocation density is higher when the sample contains more water. It thus appears to be 
valid to postulate alternatively that the observed dependence of the workhardening on the 
water content is not a function of the chemical activity of water but that the availability of 
fresh dislocations might be rate controlling. 
V.2.2 DISLOCATION DENSITY 
The role of the dislocation density in the plasticity of quartz has, in the past, been 
considered by a number of investigators (Hobbs, 1968; Baeta and Ashbee, 1970a; 
Griggs, 1974; Morrison-Smith et al. 1976). Hobbs found that the results of the relaxation 
experiments were more reproducible after a heat-treatment of the samples (synthetic 
crystal X-13; 2600 H/106Si) and, amongst other possibilities, he suggested that 
dislocations could be formed around hard impurities as a result of the anneal prior to axial 
loading•. 
Baeta and Ashbee (1970a) concluded that =i: ;., 1un•= "water present in a large number of 
,;,, 9-vo.r~ 
randomly distributed occlusions'Zmakes p1asticity possible at low stresses by providing 
the means of nucleating dislocations and that the glide of dislocations is equally difficult in 
• 'This suggestion was however not supported by the observations on this material by McLaren and 
Retchford (1969) who did not find any evidence for an increase in the dislocation density. This is 
consistent with the observations of the heat-treated experiments described here, that an external pressure of 
1.5 GPa suppresses the nucleation of dislocations. In the light of the observations and proposed ripening 
mechanisms presented here, it now appears more likely that this preheat does contribute to the 
modification of the inclusion microsttucture by inclusion migration and coalescence, so fresh dislocations 
will be provided more readily during the actual defonnation event 
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all samples of quanz 'wet' or 'dry'. Although they did not have any microscopical 
observations to support their model, the details of the proposed mechanism are 
surprisingly close to the observations presented here. Quoting Baeta and Ashbee: " ... if 
water is contained in a large number of randomly distributed occlusions, with a range in 
filling of the occlusions, then, at high temperatures under the imposed stress, the 
occlusions will not be in equilibrium. This will result in local high concentrations of stress 
in some regions of the lattice, providing sources of fresh dislocations. The saturation 
value reached by the occlusions will be strongly dependent on temperature, and on the 
imposed stress during the compression test ... ". At the time, the ideas presented in this 
paper did not receive much attention and even the authors themselves appear to have 
deviated from their original model in later papers (see for instance Baeta and Ashbee, 
1970b, 1973), although Griggs showed that the microdynamical theory for plasticity 
requires an initial rapid increase in the dislocation density in synthetic quartz. At present, 
the importance of dislocation nucleation is supported by a number of observations 
(McLaren et al., 1983; Gerretsen et al., 1988; McLaren et al., 1988). The inclusions 
predicted by Baeta and Ashbee were first observed in TEM by Morrison-Smith (197 4; see 
also Morrison-Smith et al., 1976), although he argued that they were not associated with 
water and suggested they were due to inclusions of acmite. 
Evidence for the importance of the process of dislocation nucleation is provided by 
McLaren et al. (1988). They found that dislocation loops, generated from clusters have a 
as well as a+c type Burgers vectors. Evidence was obtained for the interaction between 
the dislocations with different Burgers vector providing segments with a c-component 
only. The observations imply that the water inclusions can, in principle, provide a set of 
five linearly independent dislocations which would allow for homogeneous plastic 
deformation and satisfy the Von Mises criteria (Von Mises, 1928 in: Lister, 197 4) and no 
additional sources are required. 
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Funhermore, McLaren et al. ( 1988) show that the incubation time for creep of synthetic 
quartz, i.e. the time required before a sample starts to deform plastically, is independent 
of whether a load is applied during this period. TEM observations on these samples show 
that the microstructure developed during the incubation time is also independent of the 
load. The microstructures show an abundance of dislocation climb loops which have 
grown from the expanding clusters. Examination of the specimen after a small plastic 
strain has been obtained shows that only those prismatic loops which did experience a 
resolved shear stress have been modified and taken up in the deformation process. 
McLaren et al. (1988) conclude from these observations that the expanding clusters are 
the main source for the dislocations involved in the deformation. 
In general, the dislocation density during deformation evolves with time from a value PO" 
at the onset of deformation to a value Poo at steady state. This relationship can be 
conveniently described by 
p(t) = Poo - (Poo - Po) exp( -t/~). (V.2) 
where ~ is a parameter dependent on the temperature and pressure. 
It is important to realize that, when discussing microdynamical aspects of deformation, 
the dislocation density term in the Orowan equation only covers the mobile dislocation 
density. Not all dislocations present in a sample are involved in the deformation either 
because the orientation is such that there is no resolved shear stress (McLaren et al., 
1988) or because the dislocation is in a configuration which requires a high stress in order 
to allow multiplication. In practise, dislocation density estimates are obtained from TEM 
observations and it should be emphasized that it is not always possible to determine 
unambiguously whether a dislocation is mobile. 
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When a material is deformed in a plastic fashion the dislocation density tends to increase 
as a result of the deformation induced by the applied stress; the dislocations are forced to 
glide and thereby increase their length. At the same time other dislocations become 
immobile or anneal out and at steady state deformation the dislocation density approaches 
a constant value. From the previous discussion on the relation between the inclusions and 
dislocation nucleation sites in Section III.6.1, it follows that in synthetic quanz, however, 
fresh dislocations may be nucleated continuously from the expanding clusters. As the 
density of nucleation sites in the as-grown material is of the order of 1020 m-3 , a 
significant contribution to the plastic behaviour might be expected from freshly nucleated 
dislocations. 
It has been discussed in Section III.5.2.1 that in 'wet' synthetic quanz the dislocation 
nucleation and growth is the main ripening mechanism of the inclusion microstructure. 
Therefore, an impression of the nucleation rate of fresh dislocation can be obtained from 
the change in the density of fluid inclusions originally present in the as-grown material as 
presented in Figure (III.20). The production rate of dislocations is calculated as the 
variation in the peak height of the inclusion density divided by the difference in annealing 
time, and is plotted as a function of the time (ti+ (ti+i-ti)/2) in Figure (V.4). Although the 
overall mobile dislocation density is expected to follow the trend of the fresh dislocations 
nucleated from expanding clusters, the time scale of the variation of the two properties 
will be distinctly different. The half-life of a dislocation is expected to be much longer 
than that of a high pressure inclusion. The dislocation density is thus expected to follow 
the same trend but at a slower pace. 
From the investigation of the evolution of fluid inclusions it follows that the cluster 
distribution and hence the density of the easy dislocation sources, evolves at a rate which 
is faster at low pressure and high temperature. When a sample is annealed under these 
conditions for a long time most of the clusters will have disappeared and no contribution 
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Figure V.4 Dislocation production rate from expanding clusters as a function of the 
time in arbitrary units, for different pressures and temperatures as 
indicated. Top: 873 Kand bottom: 1173 K. Calculated from Figure 
ll/.18. 
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of these nucleation sites is expected. Specimens deformed after such a heat-treaonent 
show that the strength has increased and the overall dislocation density has reduced (Baeta 
and Ashbee, 1970a; Kekulawala et al.1981; Doukhan and Trepied, 1985). It is suggested 
here that this high strength might in fact represent the intrinsic strength of quartz and that 
synthetic quartz is anomalously weak because of the ease with which dislocations are 
being generated. Or, in other words; the strength of synthetic quartz containing high 
pressure fluid inclusions is at an artificially low level which can not be maintained by the 
multiplication of dislocations only. At atmospheric pressure and 1173 K most of the 
clusters have been modified after 0.5 hr of heat-treatment and no further contribution to 
the dislocation density is made. Heat-treatment will then result in annealing and reduction 
of the dislocation density and hence an increase in the strength is explained. 
At higher pressures (300 MPa and 1.5 GPa) fresh dislocations are still being produced 
even after 8 hrs of heat-treatment (see Section ill.4.2.2). However, as the high external 
pressure also inhibites dislocation nucleation at inclusions, the rate of production may be 
lower at 1.5 GPa than at 300 MPa. So, at 300 MPa a reduction of the dislocation density, 
and hence strengthening, only occurs after relatively long heating times as compared with 
0.1 MPa as has indeed been observed by Kekulawala (1978). The reduced strengthening 
effect as a result of the applied external pressure, as observed by Kekulawala et al. (1981; 
see Figure V.2), can thus be correlated with the presence of nucleation sites for fresh 
dislocations. The re-weakening experiments of Kekulawala et al. (1981) are also easily 
interpreted in terms of the mobile dislocation density since it has been observed here that 
fresh climb loops can be created as a result of a heat-treatment at higher pressure after 
annealing at lower external pressure. (see Section ill.4.3). 
It has been shown here that pressure equilibration through dislocation generation is 
inhibited at higher pressures (see Section III.4.3). This provides an environment for 
clusters to release their internal pressure by other mechanisms such as for instance 
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through bulk diffusion of point defects as has been suggested in Section Ill.6.2. This 
might well explain the observation from Mackwell and Paterson (1985) that heat-treannent 
at 1.5 GPa and 1173 K leads to strengthening of the sample when deformed at 300 MPa. 
As a result of the anneal the inclusions have developed an internal pressure which is not 
sufficient to start nucleation of a dislocation and the material is strong. It might be 
expected that longer heat-treatment will again weaken the crystal as the inclusions will go 
through the much slower ripening process of migration and coalescence providing the 
right size in combination with internal pressure required for dislocation nucleation. 
V.2.3 CONCLUSIONS 
Summarizing, it follows from the above discussion that, although it cannot be ruled out 
that water might have an effect on the glide and climb mobility of defects in quartz, there 
is substantial evidence which supports the idea of Baeta and Ashbee (1970a) that the main 
role of water lies in the provision of easy dislocation nucleation sites. On the basis of this 
conclusion it appears to be justified to question whether water as such does have a 
function in the weakening process, or, that when water is replaced by for instance an inert 
gas the same plastic behaviour will occur. Hence the attempt to create high pressure 
helium inclusions in 'dry' synthetic quartz by irradiating the material with 40 Me V alpha 
particles as has been described in Section N. 
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V.3 SUMMARY 
Single crystals of 'dry' quartz, when hydrothermally treated at 1173 K and 1.5 GPa, do 
not show any change in the infrared spectra, indicating that no water or water-related 
species, which were previously thought to be responsible for the water weakening effect, 
are taken up by the crystal. This brings into question the interpretation of the early 
experiments on water weakening by Griggs and Blacic (1964). 
Heat-treatment of 'wet' synthetic quartz at a temperature ranging from 873 to 1173 K and 
pressures in the range of 0.1 MPa to 1.5 GPa shows that the clusters, originally present 
in the untreated material, grow into larger sized inclusions. This indicates that under those 
conditions the water remains in a segregated form, which is consistent with a low 
solubility of water-based defects in the quartz structure, probably less than a few tens of 
H/106Si. 
The evolution of the size and density distribution of inclusions upon heat-treatment as a 
function of the temperature and pressure shows that nucleation and growth of dislocation 
loops is the main ripening mechanism. With increasing pressure dislocation nucleation is 
inhibited and the contribution of other ripening mechanisms such as collection of single 
point defects become relatively more pronounced. The observations are consistent with a 
substantial contribution to the ripening by migration and subsequent coalescence of 
clusters prior to dislocation nucleation. 
From the observations on the evolution of inclusions it follows that the critical parameter 
in the process of dislocation nucleation is the difference between the externally applied 
pressure and the pressure inside the inclusion. This is consistent with the observation that 
inclusions when subjected to a relatively high external pressure can be reduced in size by 
means of nucleation of dislocation vacancy loops. 
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A comparison of the observed evolution of inclusions with the strength measurements 
from Kekulawala (1978) subsequent to heat-treatment under various conditions, indicates 
that there is a strong correlation between plastic behaviour of 'wet' synthetic quartz and 
the supply of dislocations nucleated from water inclusions under a high differential 
sfrt>, . 
An alternative view on the role of water in the plasticity of 'wet' synthetic quartz has been 
developed. Although the dislocation glide mobility might be independent of water, climb 
appears to be enhanced by the presence of water, the exact mechanism being unknown. It 
is suggested that the prime influence of water lies in the provision of easy dislocation 
sources but that similar effects might also be obtained from impurity aggregates other than 
water inclusions. 
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In this appendix the TEM measurements of the size and density distributions of three 
types of contrast related to inclusions which have developed in synthetic quartz W4 upon 
heat-treatment are presented in the form of cumulative histograms. The observations are 
discussed in detail in Section ill.4 and ill.5. Type 1 inclusions correspond to water-
containing inclusions not showing a line-of-no-contrast. mainly visible due to a thickness 
contrast, type 2 are high pressure water inclusions showing a distinct line-of-no-contrast 
and type three are contrast features which show a composite image of more than one 
object, probably related to an expanding cluster in its early stages. (see Section ill.4.2.1 
for a more detailed discussion of the observed contrast features). The density of the 
objects is given in arbitrary units, corresponding with the number of visible inclusions per 
area of one micrograph (-1.75 10-12 m2). A rough indication of the absolute density can 
be obtained from a comparison with the as-grown material for which a more precise 
d~ty estimate has been obtained as discussed in Section ill.2.2. The density of the 
inclusions in the as-grown synthetic quartz has been estimat(at approximately 1()20/m3. 
One unit on the venical axis of the histograms thus corresponds roughly J. 2.8 
1 O 17 /m3. The legend above each histogram gives the sample number, the pressure, 
temperature and the duration of the heat-treatment at the final T and P. The number in the 
top left hand comer of each diagram represents the number of inclusio{ measured. 
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A.2.1 INTRODUCTION 
In order to obtain a better understanding of the effect of the temperature and the externally 
applied pressure on the pressure release mechanism through the nucleation and growth of 
a dislocation climb loop as has been suggested by McLaren et al. (1983), the stress state 
around an inclusion as a function of the temperature and pressure has been calculated 
numerically. The internal pressure as a function of the temperature and externally applied 
pressure corresponding to the T-P path of the heat-treatment experiments is calculated. 
The implications for dislocation nucleation are discussed in detail in Section III.5.2.1. In 
this appendix the mathematical derivation of the equations describing the stress-strain 
distribution around an inclusion will be presented. The numerical calculations are 
compared with the results for the simpler cases of a spherical inclusion and a penny 
shaped crack.• A complete listing of the program written in Turbo PASCAL®, can be 
found at the end of this appendix. 
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A.2.2 MATHEMATICAL APPROACH 
The calculation is based on an analytical, linear elastic approximation of the stress-strain 
distribution around a spheroidal inclusion in an otherwise homogeneous and isotropic 
medium, modified after Neuber (1958). In a numerical approximation the pressure and 
temperature are step-wise increased, while allowing the crystal lattice around the inclusion 
to deform elastically under the influence of the internal water pressure. The bulk and shear 
moduli of quartz and their dependence on the temperature and the externally applied 
pressure are taken from an average of elastic parameters from Carmichael (1982). The 
ex-~ transition (Mirwald and Massonne, 1980) and associated change in elastic 
parameters are taken into account The equation of state of water is based on an empirical 
Redlich-Kwong polynomial approximation from Halbach and Chatterjee (1982). In order 
to facilitate a comparison with the original theory developed by Neuber (1958) a similar 
notation will be used in this section. 
A.2.2.l REFERENCE FRAME 
Consider an oblate spheroidal cavity in an infinite, homogeneous and isotropic medium 
with an internal pressure Pi and external pressure Pe, In elliptic coordinates (u,v,w) the 
cavity-matrix interface is described by a constant value of the u-coordinate. With respect 
to the elliptic reference frame the cartesian coordinates x, y and z can be written as 
x = sinh(u)cos(v), 
y = cosh(u)sin(v)cos(w), 
z = cosh(u)sin(v)sin(w), 
(A.2.1) 
where the u-direction is normal to the surface of the spheroid, v is the angle of a tangential 
surface with respect to the vertical x-axis and w is the angle of this surface measured in 
the y-z plane with respect to the z-axis as shown in Figure A.2.1. The aspect ratio of the 
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X 
Figure A.2.1 Schematic diagram showing the relation between elliptic coordinates u, 
v and w, and the canesian coordinates x, y and z. 
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spheroid, defined as the ratio of the short axis in the x-direction to the long dimension in 
the y-z plane, can be expressed as sinh(u)/cosh(u). 
A.2.2.2 SURFACE DISPLACEMENT 
Neuber (1958, p 88-117) discusses the case of a spheroidal cavity under a tensional stress 
(p) and zero internal pressure which can be modified to obtain a description of a spheroid 
with an internal pressure (Pi) and no externally applied deviatoric stress by taking p=O 
,rke. 
and using Pi asAboundary value for the normal stress on the interface. The effect of the 
external pressure can be taken into account by adding the deformation of the matrix as a 
result of an externally applied pressure (Pe) and an equal pressure in the cavity as follows. 
The general expression for the surface displacement (U) of a spheroidal cavity is (eq.3, 
p.89 from Neuber): 
2GU = .!.{- c)F + 
h au 
2a[ <I>1cosh(u)cos(v)+sinh(u)sin(v) { <l>2,cos(w)+<l>3sin(w)}]}, 
with (p.26: eq.58 from Neuber) 
F = <I>o + <I>1sinh(u)cos(v) + 
<l>2,cosh(u)sin(v)cos(w) + <I>3cosh(u)sin(v)sin(w) 
and (p.89: eq.2 from Neuber); 
h = '1 sinh2(u) + cos2(v). 
(A.2.2) 
(A.2.3) 
(A.2.4) 
Substituting the harmonic functions <I> of equation 123 (p.116 from Neuber, taking p=O): 
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<I>o = B [ (3cosh2(u)-2)T - 3sinh(u)] (3sin2(v) - 2) + AT 
<I>1 = C [sinh(u)T - l]cos(v) 
<I>2 = <I>3 = 0, 
where (p.98: eq.46 from Neuber) 
T = arcctg{sinh(u)} 
into (A.2.2) gives: 
2GUh A 
sinh(u) = sinh(u)cosh(u) + 
[ 
cosh(u) 4 J 
B 12 cosh(u)T-12 sinh(u) + sinh(u)cosh(u) + 
[ J cosh(u)} 1 J C <2a-2'lcosh(u)T - sinh(u) - sinh(u)cosh(u) · 
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(A.2.5) 
(A.2.6) 
(A.2.7) 
In order to take account of the effect of the external pressure, consider the case of a cavity 
under equal internal and external pressure (Pe). Analogous to the case of a spherical 
inclusion (p.114: eq.115 from Neuber), the harmonic functions <I> can be taken as 
<I>o = o 
<I>1 = Pe sinh(u)cos(v) 
4-a 
<I>i = Pe cosh(u)sin(v)cos(w) 
4-a 
<I>3 = Pe cosh(u)sin(v)sin(w) . 
4-a 
(A.2.8) 
Substituting (A.2.8) in (A.2.2), an expression for the displacement can be obtained: 
2GUh h( )2Pe(l-a) 
inh( ) - cos u s u 4-a 
(A.2.9) 
When taking u to infinity this expression degenerates into the more familiar expression of 
the spherical case: 
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(A.2.10) 
where R is the radius of the spherical cavity and K is the bulk modulus (compare for 
instance with Love, 1944, p 142). 
The total displacement of the cavity-matrix interface in the case of an internal pressure Pi 
and external pressure Pe is given by the sum of the above two expressions (A.2.7) and 
(A.2.9) (equation ill.19 of Section ill.5.2.1): 
2GUh 
sinh(u) 
A 
sinh(u)cosh(u) + 
[ 
cosh(u) 4 1 
B 12 cosh(u)T-12sinh(u) + sinh(u)cosh(u)j + 
[ J cosh(u)} 1 J C <2a-2'lcosh(u)T - sinh(u) - sinh(u)cosh(u) 
h( ?Pe(l-a) - cos u 
4-a 
A.2.2.3 BOUNDARY CONDITION 
(A.2.11) 
A, B .and C in equation (A.2.11) are constants which have to be determined from 
appropriate boundary conditions for U and Pi. One such condition is obtained from the 
TEM observations (Section ill.2.3) from which it follows that the relative displacement 
U/sinh(u) at the surface is approximately 0.02 ± 0.01. In order to find a set of 
independent equations required for the calculation of the constants A, B and C it is 
sufficient to consider the boundary condition that at the interface between the inclusion 
and the matrix the normal stress is equal to the internal pressure. 
The expression for the normal stress cru on the matrix/inclusion interface with an external 
pressure Pe which can be derived from Neuber in equation 126 (p.117) is given by: 
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where 
q>(u) = 
'Y(u) = 
and 
1 sin2(v) sinh(u) 
<Ju= h2 q>(u) + h2 'Y(u) + h4 ,i(u) + Pe 
-A sinh(u) + 
cosh2(v) 
B [12cosh2(u)T-12sinh(u) - 4 sinhJu) J + 
cosh (u) 
[ 
2 . sinh(u) J C a.cosh (u)T + (1-a.)smh(u) + 2 , cosh (u) 
B [<-18cosh2(u)+6)T + 18sinh(u) +6 sinh~u) J + 
cosh (u) 
[ 
2 · sinh(u) J C (2-2a.)(cosh (u)T-smh(u)) + (-2+a.)T - 2 cosh (u) 
,i(u) = -Asinh(u) - 4Bsinh(u) - Csinh3(u) 
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(A.2.12) 
(A.2.13) 
Expression (A.2.12) can be written as a linear combination of three independent functions 
ofv: 
F(u) + sin2(v)G(u) + sin4(v)H(u) = 0 (A.2.14) 
where 
F(u) = -cro(sinh4(u) + 2sinh2(u)+ 1) + q>(u)(sinh2(u)+ 1) + ,i(u) 
G(u) = 2cro(sinh2(u)+ 1) - <j>(u) + 'Y(u)(sinh2(u)+ 1) 
and 
H(u) = -cro - 'Y(u). (A.2.15) 
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with cro = Pi - Pe. Since the internal pressure is constant at the matrix-cavity interface, the 
normal stress is independent of v and the functions F(u), G(u) and H(u) are zero. From 
(A.2.15) it follows that: 
<j>(u) = cro cosh2(u) 
'Y(u) = - cro 
11(u) = 0 (A.2.16) 
which can easily be verified by substituting (A.2.16) in (A.2.12). Equating (A.2.16) with 
(A.2.13) provides three independent equations in A, B, C and Pi which combined with 
(A.2.11) can be solved using a simple matrix inversion algorithm. The other components 
of the stress and strain tensors can then be calculated for ambient conditions using eq. 126 
(p.117) and eq. 3 (p.89) from Neuber respectively. 
A.2.2.4 ALGORITHM 
In calculating the stress and strain distribution at elevated temperature and pressure an 
algorithm is used in which the above calculation for the stress is combined with an 
equation of state of water. The Redlich-Kwong equation of state of Halbach and 
Chatterjee (1982) is a nonlinear expression of the type -f(Pi,V*)==O, where V* is the molar 
volume and Pi is the internal pressure. Both Pi and V* can be expressed in terms of the u-
coordinate and the equation f(Pi(u),V*(u))=O is solved numerically by the Newton 
-14e. faNH., .. ~fr,c. 
method (see for instance Ralston, 1965) using u asf'ariable. 
A 2: Stress-Strain around an inclusion 208 
A.2.3. TEST OF THE NUMERICAL CALCULATIONS 
In order to check the validity of the approach described above, two extreme cases of the 
value for the aspect ratio can be considered; the spherical case (E = 1) and a penny shaped 
crack (E = 0), providing simpler analytical expressions for the stress-strain distribution. 
The expression for a spherical inclusion is derived from Love (1944, p. 142, see also 
expression A.2.10) and compared with a spheroidal inclusion with aspect ratio one. The 
analytical expression for the displacement around a penny-shaped crack is (Sneddon, 
1946; Hoenig, 1978): 
2u 2P(l-v) 
er= EG1t (A.2.17) 
where dis the crack-width and Eis the aspect ratio. The result of the comparison shows 
that the two approaches agree within a few percent, the main difference being due to the 
simplifications made in the mathematical approximations from Love and Sneddon (see 
Figure A.2.2). 
EXAMPLE 
In Figure A.2.3 the tangential stress at the interface for v=O, i.e. at the periphery of the 
spheroid, is plotted as a function of the temperature for different values of the externally 
applied pressure. From this it follows that the tangential stress at a particular value of the 
temperature, changes from tensional to compressive when the external pressure is 
increased. At 1.5 GPa and 873 K the tangential stress is close to zero, which is in good 
agreement with the experimental observation that the growth of inclusions by a dislocation 
climb mechanism is suppressed. 
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Figure A.2.2 Calculated variation in the internal pressure as a function of the 
temperature using the analytical expressions for the stress distribution 
around a spheroidal inclusion with variable aspect ratio ( after Neuber, 
1958) in comparison with the internal pressure for a spherical inclusion 
(e = 1) after Love (1944, top diagram) and for a narrow crack (e = 0) 
after Sneddon ( 1946, bottom diagram). 
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Figure A.2.3 Tangential stress at the matrix/inclusion interface for v=O, i.e. at the 
periphery of the spheroid ( see inset), as a function of the temperature 
for different values of the externally applied pressure. A positive value 
for the tangential stress indicates a compressive stress and negative 
values indicate a tensile stress. 
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A.2.4 LISTING OF COMPUTER PROGRAM 
The program used for the calculation of the stress and strain distribution around a water 
containing spheroidally shaped inclusion in quartz is written in Turbo PASCAL® for an 
Apple Macintosh computer. A flow chart outlining the main components of the program is 
shown in Figures A.2.4 and A.2.5. 
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Figure A.2 .4 Flow diagram of first part of the program covering constant and 
function declaration and procedures 
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Figure A.2.5 Flow diagram of the main part of the computer program used for the 
calculation of the stress-strain distribution around a spheroidal inclusion 
as a function of the temperature and externally applied pressure. 
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PROGRAM Spheroidal Inclusion; 
uses pasprinter,memtypes,quickdraw; 
label 1000; 
var 
uO,u,v,w,x,y,z:real; 
Pint,Pint1 ,Pint2,Pext,Pextmax,pstep,Temp,Tempmax,tstep,Ttrans, 
A,B,C,radius,aspectratio : real; 
a1 ,a2,a3,b1 ,b2,b3,c1 ,c2,c3,d1 ,d2,d3,det1 ,det2,det3 : real; 
zero1,zero2,dzero,cz1 ,cz2,cz3,cz4 : real; 
molvol,molvolold : real; 
stressu,stressv ,stressw ,shstressuv ,shearstressmax : real; 
strainu,strainv,strainw : real; 
displU,displU1 ,displU2,displUnul,DisplUold,displU5old : real; 
YoungsmodQ : real; 
PrinterFLAG,i,j,k,I : integer; 
const 
pi = 3.141592654; 
R = 8.3143; 
Pextnul = -1 e5; {starting value for the external pressure in Pa} 
tempnul = 273.15; {starting value for the temperature in K} 
molvolnul = 1.3782; {starting value for the molar volume of water in 
J/bar/mol} 
displUcal = -0.02; {calibration of the surface displacement from TEM} 
steps = 9; {number of P,T steps} 
delta = 1 e-6; {stepsize of Newton itteration} 
epsilon= 1.0e-7; {cut off level for itteration} 
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{constants for the equation of state of water; Halbach and Chatte~ee (1982)} 
at1 = 1.616e8; 
at2 = -4.989e4; 
at3 = -7.358e9; 
bp1 = 3.4505e-4; 
bp2 = 3.898e-9; 
bp3 = -2. 7756e-15; 
bp4 = 6.3944e-2; 
bp5 = 2.3776e-5; 
bp6 = 4.5717e-1 O; 
{constants for the alpha-beta transition; Mirwald and Mossonne (1980)} 
po = 846.344; 
p1 = 2.71084e-7; 
p2 = -2.3607e-17; 
p3 = 3.91 e-27; 
function power(x:real;n:integer):real; 
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{general function for x to the power n} 
var i:integer ;answer:real; 
begin 
answer:=1; 
for i:= 1 ton do answer:=answer*x; 
power:=answer; 
end; 
function BulkmodQ(x,y:real):real; 
{Bulkmodulus of quartz as a function of P,T} 
begin 
ttrans := pO + p1 ·x + p2*sqr(x) +p3*power(x,3); 
if y >ttrans then 
begin {beta quartz} 
bulkmodQ := 6.84e1 O + 6.37*x+0.4e8*(y-293.15); 
end 
else begin {alpha quartz} 
bulkmodQ := 3. 73e1 O + 6.37*x-0.1 eS*(y-293.15); 
end; 
end; 
function ShearmodQ(x,y:real):real; 
{Shear modulus of quartz as a function of P,T} 
begin 
ttrans := pO + p1 •x + p2*sqr(x) +p3*power(x,3); 
if y >ttrans then 
begin {beta quartz} 
shearmodQ := 4.06e1 O + 0.45*x+0.095E8*(y-293.15); 
end 
else begin {alpha quartz} 
shearmodQ := 4.27e1 O + 0.45*x-0.01 ES*(y-293.15); 
end; 
end; 
function Pois(x:real;y:real):real; 
{Poission's ratio of quartz as a function of P,T} 
begin 
Pois:=(3*BulkmodQ(x,y)-
2*ShearmodQ(x,y) )/(6*BulkmodQ(x,y)+2*ShearmodQ(x,y)); 
end; 
function alpha(x:real;y:real):real; 
begin 
alpha:=2*(1-Pois(x,y)); 
end; 
function height(x:real):real; 
{x = sinh(u) and height= cosh(u)} 
begin 
height:=sqrt(sqr(x)-1 ); 
end; 
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function T(x:real):real; 
{equation 46, p.98; Neuber (1958)} 
begin 
{T:= arctan(1/height(x));} 
T := 1/radius+1/(6*power(radius,3))+3/(40*power(radius,5)); 
end; 
function h(x,y:real):real; 
{eq.2, p.89; Neuber} 
begin 
h :=sqrt(abs(sqr(height(x) )+sqr(cos(y)))); 
end; 
function f1 (x:real):real; 
{part of eq. A.4.2.} 
begin 
f1 :=12*sqr(x)*T(x)-12*height(x)-4*height(x)/sqr(x); 
end; 
function g1 (x:real):real; 
{part of eq. A.4.2.} 
begin 
g1 :=alpha(-Pext,Temp)*sqr(x)*T(x)+(1-alpha(-
Pext,Temp))*height(x)+height(x)/sqr(x); 
end; 
function f2(x:real):real; 
{part of eq. A.4.2.} 
begin 
f2:=(-18*sqr(x)+6)*T(x)+ 18*height(x)+6*height(x)/sqr(x); 
end; 
function g2(x:real):real; 
{part of eq. A.4.2.} 
begin 
g2 :=(2-2*alpha(-Pext, Temp))* ( sqr(x) *T(x)-height(x) )+(-
2+alpha(-Pext, Temp) )*T(x)-height(x)/sqr(x); 
end; 
function f3(x:real):real; 
{part of eq. A.3.6.} 
begin 
f3:= 12*x*T(x)-12*x/height(x)+4/(x*height(x)); 
end; 
function g3(x:real):real; 
{part of eq. A.3.6.} 
begin 
g3:=-(2-2*alpha(-Pext, Temp)) *(x*T(x)-x/height(x) )-
1 /(x*height(x)); 
end; 
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function e3(x:real):real; 
{part of eq. A.3.6.} 
begin 
e3 :=(2-2* alpha(-Pext,Temp)) *Pext*x/( 4-alpha(-Pext,T emp)); 
end; 
function h1 (x:real):real; 
{used in stressv calculation} 
begin 
h1 :=-6*sqr(x)*T(x)+6*height(x); 
end; 
function i1 (x:real):real; 
{used in stressv calculation} 
begin 
i1 :=(2-alpha(-Pext,Temp})*sqr(x)*T(x)+(-3+alpha(-
Pext,Temp}}*height(x); 
end; 
function h2(x:real):real; 
{used in stressv calculation} 
begin 
h2:=(18*sqr(x)-12)*T(x)-18*height(x); 
end; 
function i2(x:real):real; 
{used in stressv calculation} 
begin 
i2:=(-2+2*alpha(-Pext, Temp))* (sqr(x) *T(x)-height(x) )-alpha(-
Pext,Temp )*T(x); 
end; 
function j1 (x:real):real; 
{used in stressw calculation} 
begin 
j1 :=-6*sqr(x)*T(x)+6*height(x)+4*height(x)/sqr(x); 
end; 
function k1 (x:real):real; 
{used in stressw calculation} 
begin 
k1 :=(2-alpha(-Pext,Temp))*(sqr(x)*T(x)-height(x))-
height(x)/sqr(x); 
end; 
function j2(x:real):real; 
{used in stressw calculation} 
begin 
j2:=6*T(x)-6*height(x)/sqr(x); 
end; 
function k2(x:real):real; 
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{used in stressw calculation} 
begin 
k2:=(-2+alpha(-Pext,Temp))*T(x)+height(x)/sqr(x); 
end; 
function m1 (x:real):real; 
{used in shear stressuv calculation} 
begin 
m 1 :=-18*x*height(x)*T(x)+ 18*x-6/x; 
end; 
function m2(x:real):real; 
{used in shear stressuv calculation} 
begin 
m2:=(2-2*alpha(-Pext,Temp)}*height(x)*x*T(x)+(-2+2*alpha(-
Pext,Temp))*x+(1-alpha(-Pext,Temp})/x; 
end; · 
function bpress(x:real):real; 
{part of Redlich-Kwong equation of state} 
begin 
bpress := (1 + bp1 *x + bp2*sqr(x) + bp3*Power(x,3))/((bp4 + 
bpS*x + bp6*sqr(x))*1 O); 
end; 
function atemp(x:real):real; 
{part of Redlich-Kwong equation of state} 
begin 
atemp := (at1 + at2*x + at3/x)/100; 
end; 
function displUS(x,y:real):real; 
{Calculation of interface displacement at 0.5 pi} 
begin 
a1 :=1/(x*height(x)); 
b1 :=(2-3*sqr(sin(y)))*f3(x)/2; 
c1 :=sqr(cos(y))*g3(x); 
d1 :=e3(x); 
displU5:=1/(2*shearmodQ(-
Pext,Temp)*h(x,y))*(a1 * A+b1 *B+c1 *C+d1 ); 
end; 
procedure ABCPcalculation; 
{calculation of the constants A, Band C and the internal pressure Pint} 
begin 
1 :=-height(radius)/sqr(radius); 
a2:=-1; 
a3:=1 /(radius*height(radius)); 
b1 :=f1 (radius)+f2(radius)*sqr(radius); 
b2:=-4; 
b3:=f3(radius); 
c1 :=g1 (radius)+g2(radius)*sqr(radius); 
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c2 :=-sqr(height(radius)); 
c3:=g3(radius); 
d1 :=0.0; 
d2:=0.0; 
d3:=-e3(radius)+2*shearmodQ(Pext,Temp)*displU*h(radius,O.O); 
det1 :=d1 *b2*c3+b1 *c2*d3+c1 *d2*b3-d3*b2*c1-b3*c2*d1-
c3*d2*b1 ; 
det2:=a1 *b2*c3+b1 *c2*a3+c1 *a2*b3-a3*b2*c1-b3*c2*a1-
c3*a2*b1; 
det3:=a1 *d2*c3+d1 *c2*a3+c1 *a2*d3-a3*d2*c1-d3*c2*a1-
c3*a2*d1; 
A:=det1/det2; 
B :=det3/det2; 
C:=(d1-a1*A-b1*B)/c1; 
Pint:=-(-Pext+(a1 *A+f1 (radius)*B+g1 (radius)*C)/sqr(radius)); 
end; {of procedure ABCP calculcation} 
procedure molarvolume; 
{calculates molvolnul from a given internal pressure} 
var 
molvol1,molvol2 : real; 
canst 
deltamv = 1 e-6; 
epsilonmv = 1 e-7; 
begin 
molvol:=1.3782; 
i:=0; 
repeat 
molvol1 :=molvol; 
Pint:= Pint*1 e-5; {Pint in bars} ; 
cz1 := -Pint*sqrt(temp); 
cz2 := -R*temp*sqrt(temp); 
cz3 := atemp(temp)+cz2*bpress(-Pint)+sqr(bpress(-
Pi nt) )*sqrt(temp) *Pint; 
cz4 := -atemp(temp)*bpress(-Pint); 
zero1 := cz1 *power(molvol1,3) + cz2*sqr(molvol1) 
+cz3*molvol1 + cz4; 
molvol2:=molvol1 +deltamv; 
cz1 := -Pint*sqrt(temp}; 
cz2 := -R*temp*sqrt(temp}; 
cz3 := atemp(temp )+cz2*bpress(-Pint)+sqr(bpress(-
Pint) )*sqrt(temp )*Pint; 
cz4 := -atemp(temp}*bpress(-Pint); 
zero2 := cz1 *power(molvol2,3) + cz2*sqr(molvol2) 
+cz3*molvol2 + cz4; 
Pint:=Pint*1 e5; {Pint in Pa}; 
Dzero := (zero2-zero1 )/deltamv; 
molvol:=molvol1-zero1/Dzero; 
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i:=i+1; 
until (abs(zero1/dzero) < epsilonmv) or 
{end of repeat} 
writeln('molarvolume = ',molvol*10:5:3,' 
end; {of procedure molarvolume} 
procedure stresscalculations; 
(i > 40); 
i =Ii)• 
' ' 
{calculates the normal stresses in the u, v and w direction as well as the 
(uv)shearstress} 
begin 
a1 :=-height(radius)/sqr(radius); 
a2:=0.0; 
a3:=-1; 
b1 :=f1 (radius); 
b2:=f2(radius); 
b3:=-4; 
c1 :=g1 (radius); 
c2:=g2(radius); 
c3:=-sqr(height(radius)); 
stressu:=1 /sqr(h(radius,v))*(a1 • A+b1 *B+c1 *C); 
stressu:=stressu+sqr(sin(v)/h(radius,v))*(a2* A+b2*B+c2*C); 
stressu:=stressu+height(radius)/power(h(radius,v),4)* 
(a3* A+b3*B+c3*C)-Pext; 
a1 :=0.0; 
a2:=0.0; 
a3:=1; 
b1 :=h1 (radius); 
b2:=h2(radius); 
b3:=4; 
c1 :=i1 (radius); 
c2:=i2(radius); 
c3:=sqr(height(radius)); 
stressv:=1/sqr(h(radius,v))*(a1 *A+b1 *B+c1 *C); 
stressv:=stressv+sqr( sin(v)/h( radius, v)) *(a2* A+b2*B+c2*C); 
stressv:=+stressv+height(radius)/power(h(radius,v),4)* 
(a3* A+b3*B+c3*C)-Pext; 
a1 :=height(radius)/sqr(radius); 
a2:=0.0; 
a3:=0.0; 
b1 :=j1 (radius); 
b2:=j2(radius); 
b3:=0.0; 
c1 :=k1 (radius); 
c2 :=k2( radius); 
c3:=0.0; 
stressw:=1/sqr(h(radius,v))*(a1 *A+b1 *B+c1 *C); 
stressw:=stressw+sqr( sin (v)/h (radius, v) )* (a2* A+b2*B+c2*C); 
stressw:=stressw+height(radius)/power(h(radius,v),4)* 
(a3* A+b3*B+c3*C)-Pext; 
219 
A 2: Stress-Strain around an inclusion 
radius:=radius*1.1; 
a1 :=0.0; 
a2:=0.0; 
a3:=1; 
b1 :=0.0; 
b2:=m1 (radius); 
b3:=4; 
c1 :=0.0; 
c2:=m2(radius); 
c3:=sqr(height(radius)); 
shstressuv:=sin(v)*cos(v)/sqr(h(radius,v))*(a2*A+b2*B+c2*C); 
shstressuv:=shstressuv+sin(v)*cos(v)/(power(h(radius,v),4}* 
radius}*(a3* A+b3*B+c3*C); 
radius:=radius/1.1; 
end; {of stresscalculations} 
procedure straincalculations; 
{calculation of the strain in the u, v and w-direction at the interface} 
begin 
{Love, p103,(22)} 
strainu :=(1 /(2*shearmodQ(-Pext,Temp )*(1 +Pois(-
Pext,Temp))))*(stressu-Pois(-Pext,Temp}*(stressv+stressw)); 
strainv:=(1 /(2*shearmodQ(-Pext,Temp)*(1 +Pois(-
Pext,Temp)}})*(stressv-Pois(-Pext,Temp}*(stressu+stressw)); 
strainw:=(1/(2*shearmodQ(-Pext,Temp)*(1 +Pois(-
Pext,Temp}}))*(stressw-Pois(-Pext,Temp)*(stressv+stressu)}; 
end; {of procedure straincalculations} 
{main program part} 
begin 
{initiation of starting values} 
Pext:=Pextnul; 
displU :=displUcal; 
Temp:= Tempnul; 
{data input} 
write('Do you want output to printer? (0 = no) '); 
read(pri nterFLAG); 
writeln('displUcal = ',displUcal:10:8, ' {calibration 
number from TEM}'); 
if printerFLAG > 0 then 
writeln(printer,'displUcal = ',displUcal:10:8,' 
{calibration number from TEM}'); 
write('enter aspectratio 1 : '); 
read(aspectratio}; 
aspectratio:=aspectratio + 0.00001; {to avoid devision by zero} 
radius:=sqrt(sqr(aspectratio )/(sqr(aspectratio )-1)}; 
writeln('radius = ',radius:6 :4); 
writeln('height = ',height(radius) :6:4}; 
ABCPcalculation; {calibration} 
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writeln('lnternal pressure = ',-Pint*1 e-6:8:3,' MPa'); 
molarvolume; {calculate starting value for molar volume} 
write ('enter Pext in MPa (>0) '); 
read (Pextmax); 
if Pextmax = 0 then goto 1000; 
Pextmax:=-1 e6*Pextmax; 
write ('enter Temperature in Kelvin '); 
read (Tempmax); 
pstep :=(Pextmax-Pextnul)/steps; 
tstep := (tempmax-tempnul)/steps; 
write In ( ' T [K] ',' Pext [MPa] ',' U(0°)[%] ', 
' U(90°)[%] ',' V [cm"3] ',' Pint [MPa] ',' i'); 
if printerFLAG > 0 then 
begin 
writeln (printer,' '); 
writeln (printer,' '); 
writeln (printer,' '); 
end; 
writeln (printer,'aspect ratio = ',aspectratio); 
write In (printer,'Temperature = ',Tempmax,' [K] ; Pressure = 
',Pextmax,' [MP a]'); 
writeln (printer,' '); 
write In (printer, ' T [K] ',' Pext [MPa] ',' U(0°)[%] ', 
' U(90°)[%] ',' V [cm"3] ',' Pint [MPa] ',' i'); 
writeln (printer,' '); 
{temperature, pressure stepping} 
for I :=Oto steps do {steps} 
begin 
if printerFLAG > 0 then 
begin 
writeln {pr.inter,''); 
writeln (printer,' T [K] ',' Pext [MPa] ',' U(0°)[%] ', 
• U(90°)[%] •,r V [cm"3] ',' Pint [MPa] ',' i'); 
writeln {printer,' '); 
end; 
i:=0; 
temp := tempnul + l*tstep; 
Pext := Pextnul + l*pstep; 
pext := pextmax; 
molvolold:=molvol; 
displUold:=displU; 
displU5old:=displU5(radius,0.5*pi); 
{Newton iteration algorithm; Ralston (1965)} 
repeat 
displU1 :=displU; 
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ABCPcalculation; 
Pint:=-Pint*1 e-5; {Pint in bars}; 
molvol:=sqr(1-displU5(radius,0.5*pi})*(1-
displU)/(sqr(1-displU5old)*(1-
displUold) )*molvolold; 
cz1 := Pint*sqrt(temp); 
cz2 := -R*temp*sqrt(temp}; 
cz3 := atemp(temp)+cz2*bpress(Pint)-
sqr(bpress(Pint) )* sqrt(temp )*Pint; 
cz4 := -atemp(temp)*bpress(Pint); 
zero1 := cz1 *power(molvol,3) + cz2*sqr(molvol) 
+cz3*molvol + cz4; 
Pint:=-Pint*1 e5; {Pint in Pa}; 
displU:=displU + delta; 
ABCPcalculation; 
Pint:=-Pint*1 e-5; {Pint in bars}; 
molvol:=sqr(1-displU5(radius,0.5*pi})*(1-
displU)/(sqr(1-displU5old)*(1-
displUold))*molvolold; 
cz1 := Pint*sqrt(temp}; 
cz2 := -R*temp*sqrt(temp); 
cz3 := atemp(temp)+cz2*bpress(Pint)-
sqr(bpress(Pint)) * sqrt(temp) *Pint; 
cz4 := -atemp(temp)*bpress(Pint); 
zero2 := cz1 *power(molvol,3) + cz2*sqr(molvol) 
+cz3*molvol + cz4; 
Pint:=-Pint*1 e5; {Pint in Pa}; 
Dzero := (zero2-zero1 )/delta; 
displU :=displU1-zero1 /Dzero; 
i:=i+1; 
until (abs(zero1/dzero) < epsilon) or (i > 1 O); {end of 
repeat} 
writeln(temp:10:0,-Pext*1 e-6:1O:O,-displU*100:12:2, 
-displU5(radius,0.5*pi)*100:12:2,molvol*10:15:5,-1 e-
6*Pint:10:0,i:1 O); 
if printerFlAG > 0 then 
writeln(printer,temp:1 O:O,-Pext*1e-6:10:0,-
displU*100:12:2, 
-displUS(radius,0.5*pi)*100:12:2,molvol*10:15:5,-1 e-
6*Pint:10:0,i:1 O); 
{calculation of stress and strain components. 
Optional, depending on value of k} 
begin 
writeln(' v stressu stressv stressw maxshs strainu 
strainv strainw'); 
if printerFLAG > O then 
writeln(printer,' v stressu stressv stressw maxshs 
strainu strainv strainw'); 
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for k:= O to O do 
begin 
v:=k/9*0.S*pi; 
stresscalculations; 
straincalculations; 
shearstressmax :=( stressu-stressv)/2; 
writeln(k*10:3, 
stressu*1 e-6:9:1,stressv*1 e-6:9:1,stressw*1 e-
6:9:1,shearstressmax*1 e-6:9:1, 
strainu*100:9:1,strainv*100:9:1,strainw*100:9:1 ); 
writeln(printer,k*10:3, 
stressu*1 e-6:9:1,stressv*1 e-6:9:1,stressw*1 e-
6:9:1,shearstressmax*1 e-6:9:1, 
strainu*100:9:1,strainv*100 :9:1,strainw*100:9:1); 
end; {of k= option loop} 
end; {of stress/straincalculation loop} 
end; {of if j = steps loop} 
readln; 
1000 
end. 
readln 
{of program} 
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A.3 IMPURITY CONTENT OF QUARTZ 
MATERIALS 
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The synthetic quartz materials SR 1 and W 4, have been analysed t"the concentration of a 
number of impurities as listed in Table A.3.1. SRI has been used in the experimental 
investigation of the up-take of water-related species during high pressure hydrothermal 
treannent as described in detail in section II. W4 has been used in the investigation of the 
evolution of fluid inclusions as described in detail in Section ill. 
Element Al Na Li K Mg Ca Fe* 
SRI 4 6 0.5 1 3 2 20 
W4 28 14 6 1 0.3 <0.3 5 
D.L 0.5 0.3 0.2 0.5 0.2 0.3 0.3 
Method ICP AA AA AA ICP ICP ICP 
Table A.3.1 Trace element analysis of synthetic quartz SRJ and W4 in ppm weight ratio. 
DL. is the detection limit of the applied analysis technique, 
AA: Atomic absorption spectrometry 
JCP: lruiuctively coupled argon plasma atomic emission spectrometry 
• The estimate of the iron content has to be treated with care as the samples were 
crushed in an iron container. 
